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Foreword 


When a tunnel is excavated, it is generally necessary to install 
temporary support to hold the rock until the permanent lining can be placed. 
In the early days these supports were always made of timbers as wood 
was the only material available and it was plentiful. 


In the first quarter of this century steel tunnel support was sporadically 
used in this country, but it was generally patterned after the timber sets 
currently in use. In the late 1920's and early 1930's steel came to be more 
generally adopted as its superiority was gradually recognized. The increased 
use of steel in rock tunnels was doubtless due in some degree to the almost 
universal adoption of steel lining in earth tunnels in the 1920's. Steel sets 
were no longer copies of wood sets but were fabricated to utilize the strength 
of the steel to full advantage. 


Steel support is now available to meet any requirement of rock tunnel 
construction. It is designed for the purpose intended and in practice its 
components take numerous forms. Each has its special advantages to meet 
some particular phase of the tunnel builders’ problems. 


It is the purpose of this book to review briefly those tunnel problems 
which inyolve support systems, and at the same time suggest means of 
solving them, to the end that rock tunneling can be done faster, cheaper, 
and safer. 


The subject is covered in four sections: 


First—A section devoted to engineering geology contains the geological 
information which is required for estimating the rock pressure on tunnel 
supports. This section has been prepared by Karl Terzaghi, Member Am. 
Soc. C. E., Inst. C. E. (London), who is an outstanding authority on this 
subject. 


During the last twenty-five years he has been connected in a consulting 
capacity with many projects involving difficult foundations and tunnels both 
in this country and abroad. He is the author of more than a hundred technical 
papers dealing with the various aspects of his professional activities and he 
lectures on Engineering Geology at the Graduate School of Engineering, 
Harvard University, Cambridge, Mass. In the section which he prepared 
for this book he explains the “whys and wherefores" of rock behavior and 
gives a bird's-eye view of what a tunnel builder should know about rocks 
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and rock pressure in order to protect himself against serious miscalculations. 
Special attention is given to the type and accuracy of the practical informa- 
tion which can be derived from the results of a geological survey prior to 
the construction of the tunnel. 


. Second —AÀ section is devoted to the relationship between rock behavior, 
type of steel support, and the method of excavation. 


Third—Analytical methods of design of the supporting structure under 
assumed loading conditions are discussed. 


Fourth—A catalogue is included containing a description of the steel 
supports which are manufactured by The Commercial Shearing & Stamping 
Co. The design of these supports is based on experience gained in supplying 
steel support to several hundred tunnels for over a quarter of a century. 


Thus, this book is intended to be helpful to the designing engineer in 
the drafting room, the resident engineer on the job, and the contractor, his 
project engineer and his superintendent. 


R. V. PROCTOR 
T. L. WHITE 


Youngstown, Ohio 
February, 1946 
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Iutrvoduction 


Among tunnel builders the term "rock" is applied to natural 
aggregate of mineral particles which require the use of explosives 
in tunneling. The costs and hazards of tunneling through rock depend 
primarily on the condition of the rock, which may be intact, broken, 


or decomposed. 


The condition of a given kind of rock may change so greatly 
within the length of a single tunnel that the pressure which it exerts 
on the tunnel support may vary between zero and 10 to 15 tons per 
square foot. This well known fact is illustrated by Figures 1 a and 1 b 
which show two sections of the Moffat Tunnel. Both tunnel sections 
are located in a rock known as gneiss. Yet one section, located in 
intact gneiss, is unsupported, whereas the other, located in crushed 
and decomposed gneiss, required heavy timbering. 


The chief causes of rock pressure are mechanical defects, such 
as fractures, and chemical defects due to the decomposition of 
individual mineral constituents of the rock. The nature of these defects 
and their manifestations in the tunnel are very different for different 
rocks. Therefore, an elementary knowledge of the nature and common 
defects of the principal types of rocks is a prerequisite for adequate 
tunnel design, and it is useful to the engineer engaged in tunnel 
construction. 


The following chapters contain first of all a brief review of the 
principal types of rocks and their specific properties. Next comes a 
discussion of their most common mechanical and chemical defects 
which have a direct bearing on tunneling. The results of the discussion 
furnish the basis for an inquiry into the sources and the intensity of 
the load which acts upon the artificial support of the walls of tunnel 
in broken, crushed and decomposed rock. 


The review concludes with a resume of the procedure for esti- 
mating the rock load and a few references to readily accessible 
sources of useful information. 
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Chapter 7 
PRINCIPAL TYPES OF ROCKS 


MAIN CATEGORIES 


The rocks which are likely to be encountered in tunnels can be divided into three 
large groups: igneous, sedimentary and metamorphic rocks. The origin of the members 
of these groups can be compared to that of the three principal construction materials: 
steel, concrete, and brick. 


IGNEOUS ROCKS 


One class of igneous rocks, described as extrusive, emerged from the interior 
of the earth in a molten state through vents or fissures in the uppermost part of the 
earth’s crust which is cool and solid. Upon emerging, the molten rock flowed over 
the landscape, forming streams or lakes of lava. Owing to relatively rapid cooling 
the resulting rock is fine-grained. Two common representatives of this group are 
rhyolite and basalt. 


Rhyolite is a light-colored rock, chiefly composed of quartz and feldspar. Its unit 
weight is about 165 lbs. per cu. ft. Basalt is a dark-colored rock composed chiefly of 
feldspar and pyroxene. Its unit weight may be as high as 180 lbs. per cu. ft. Dark- 
colored fine-grained igneous rocks, such as basalt or andesite, are commonly called 
trap rock by engineers. 


Rhyolite flows commonly do not cover areas greater than a few hundred square 
miles, whereas basalt flows have inundated regions which are hundreds of thousands 
of square miles in extent. In the northwestern United States several successive erup- 
tions of basalt flooded an area of more than 250,000 square miles and the maximum 
total thickness of the flows exceeds 4,000 feet. 


In some localities the molten rock never reached the surface of the earth; it re- 
mained within the earth's crust in chambers, which it produced either by doming the 
solid rock above it or by stoping and by melting the solid rock. In these chambers the 
molten rock cooled and crystallized very slowly. As a result of slow cooling, the con- 
stituents occur in the form of crystalline grains large enough to be seen with the 
unaided eye. 


Rocks which originated in this manner are known as intrusive rocks. Granite is a 
common representative of this group. Its chemical and mineralogical composition is 
similar to that of rhyolite, from which it is distinguished by its coarser grain. Diorite 
gabbro is another member of the group; its composition corresponds approximately to 
that of basalt. | 


SEDIMENTARY ROCKS 
Principal types of sedimentary rocks 


Sedimentary rocks may be divided into several groups. The most important group 
comprises the clastic sedimentary rocks. The term clastic is applied to rocks which are 
composed of fragments produced by the disintegration of previously existing rocks of 
any kind. The clastic sedimentary rocks include conglomerate, sandstone, and shale. 
Another group of sedimentary rocks includes most limestones and dolomites, which 
consist largely of the hard parts of such marine organisms as clams and corals. 
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Origin and deposition of sediments 


The raw material of the clastic sedimentary rocks consists of rock waste. The debris 
produced by rock weathering is picked up by brooks, transported in suspension by 
rivers or shore currents and deposited at the end of the line of transportation, in a 
lake, on a flood plain, or in the proximity of a sea shore. The coarse grained sedi- 
ments are known as sand and gravel and the fine grained ones as silt and clay. By the 
deposition of cementing materials in their interstices, sand and gravel are gradually 
transformed into sandstone and conglomerate. 


The chief ingredients of limestones and dolomites originated in situ, but they are 
always mixed with a certain amount of sand, silt, or clay which was transported and 
deposited by shore currents. 


The velocity of the currents which transport the raw material of sedimentary rocks 
varies with the seasons. At low velocity the water can carry very small particles only, 
whereas at high velocity coarse particles can be carried in suspension. Therefore, 
sedimentary rocks are likely to be stratified. Layers of sandstone or limestone are 
commonly separated from each other by thin layers of shale, and beds of coarse 
grained sandstone may alternate with beds of fine grained sandstone. 


The boundaries between the successive layers are known as bedding planes. In 
their original position the bedding planes are usually more or less horizontal. The 
thickness of the individual layers may range between a fraction of an inch and many 
feet. 


Cementation of coarse grained sediments 


Gravel and sand are commonly transformed into rock by the precipitation of 
cementing material from an aqueous solution. Under appropriate conditions, such 
precipitation can take place very near the surface. This process has taken place in 
many recent valley fills in California, and has transformed loose sand and gravel 
to soft rock in which tunneling is relatively easy. The cementing material which con- 
verted the cohesionless accumulation of shell fragments into limestone commonly 
originated in local solution and redeposition of calcium carbonate. 


Consolidation of fine grained sediments 


The rocks which are formed by the consolidation of fine grained sediments such 
as silt or clay are known as shales. The transformation takes place not by cementa- 
tion as it does in coarse grained sediments, but by local intergrowth between adjoin- 
ing grains. This intergrowth is associated with at least slight mineralogical changes. 
It does not take place unless the sediment is subjected to at least moderately high 
temperature and pressure acting over a considerable period of time. Otherwise it 
remains soft indefinitely, like some of the clay strata which cover vast areas in north- 
eastern Russia. These strata are almost as old as the oldest known sedimentary rocks. 


The transition from silt and clay to shale at depth is gradual. Therefore in tunnels 
materials may be encountered which are intermediate between typical silt or clay and 
typical shale. These may be described as petrographic halfbreeds. They combine all 
the undesirable characteristics of the parent material with those of a rock, and their 
mechanical properties may vary within an extremely wide range. The mineralogical 
changes associated with the transformation of a silt or clay into shale are disclosed 
by the fact that the unit weight of the solid matter of shale in thick strata commonly 
increases with increasing depth below the surface. The product of the transformation 
should not be called a shale unless it possesses two properties: when struck with a 


20 


Google 


hammer it should give a clear ring, and when immersed in water its volume should 
remain unchanged. Any shale-like material which does not exhibit these properties 
must be classified as a compacted sediment and not as a rock. 


Shale formation and crustal movements 


The increase in temperature and pressure required to transform silt or clay into 
shale can develop only if the parent material becomes at least temporarily buried 
beneath a layer of sediments with a thickness of at least several thousand feet. Yet, 
both silt and clay are commonly shallow water deposits. Therefore the reader may 
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inquire how it is possible that strata with such an origin may gradually sink to a depth 
where they are buried beneath a very thick overburden. The geologist's conception of 
this process is illustrated by Fig. 2. The continents can be compared to flexible rafts 
which float on an ocean composed of rocks with a slightly higher unit weight. The 
base of these rafts is located at a depth of roughly 40 miles. 





Every miner knows that the temperature of the earth increases with increasing 
depth below the surface. At the base of the continental “rafts” the temperature of the 
rocks is about 1300? C. At such high temperatures every rock flows under the influence 
of any state of stress other than that which exists in a stationary liquid. In such a 
liquid the pressure acts at any given point with equal intensity in every direction. 
The flow is extremely slow, much slower than the flow of hard asphalt under the 
weight of a pebble resting on its surface. But the flow due to a non-hydrostatic state 
of stress does not stop until hydrostatic equilibrium is reestablished. 


In Fig. 2 the left-hand side represents a zone of erosion on the elevated part of 
the surface of a continental "raft," the middle part is a zone of transportation and 
the right-hand part a zone of sedimentation. If weight is removed from one part of a 
floating flexible raft and shifted to another, the relieved part rises and the loaded 
one sinks. Therefore, on the continents, the zones of erosion go up and those of 
sedimentation subside. This concept is based on the combined results of innumerable 
gravity determinations and of accurate surveys of the gradual subsidence of coasts 
in the vicinity of deltas. 


Subsidence under load is commonly associated with subsidence due to other still 
unknown causes. An impartant subsidence of this kind has occurred in the region 
of the Mississippi River delta. Oil well records from this region indicate that the 
delta is underlain by about 30,000 ft. of shallow water deposits. 


METAMORPHIC ROCKS 
Origin of metamorphic rocks 


Metamorphic rocks represent the result of a process of recrystallization which took 
place at high temperature and high pressure. The properties of the product depend on 
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the nature of the rock subject to metamorphosis and, to a considerable extent, on the 
deformation associated with the process. 


Changes produced by high temperature and pressure 


When a rock is subjected for a long time to high temperature combined with high 
pressure, its porosity decreases, its strength increases and the unit weight of the solid 
material commonly increases due to the loss of chemically bound water. Limestones 
are transformed into marble and sandstones into quartzite. Under the influence of 
moderate temperature and pressure, shales are transformed into fissile slates and 
schists, which are known as low-grade metamorphic rocks. With increasing tempera- 
ture and pressure, they are metamorphosed to very hard and dense gneiss, classed 
as a high-grade metamorphic rock. Since the metamorphic rocks derived from silt and 
clay are among the most obnoxious troublemakers in tunnel construction, they deserve 
the tunnel builder's special attention. 


Properties of slates and schists 


Nearly all slates and schists were derived from shales. During metamorphism of a 
shale, the percentage of micaceous minerals becomes greater, the average size of the 
particles increases, and practically all of the flaky particles become oriented parallel 
to one plane. Ás a result of this parallel orientation of particles, slates and schists split 
very readily into thin plates or slabs. The capacity to split in this manner is known as 
cleavage. Cleavage is most perfectly developed in roofing slate. The presence of cleav- 
age weakens the rock mechanically to such an extent that its compressive strength in 
the direction of the cleavage planes is very small. Whenever the rock undergoes de- 
formation under low confining pressure, near the surface of the ground or at the walls 
of a tunnel, it breaks into thin plates. The moisture which gradually accumulates in 
the open fissures gives rise to chemical alteration known as weathering which further 
weakens the rock. Fig. 3 shows beds of a clay sediment which were folded and trans- 
formed into a low-grade metamorphic rock. It should be noted that the cleavage is 
roughly parallel to the axial plane of the fold. The pressure which transformed the 
sediment into a low-grade metamorphic rock acted at right angles to the cleavage. 


Some metamorphic schists contain thin, smooth sheets of quartz oriented parallel 
to the cleavage planes. If these sheets are fairly continuous, the process of drilling in 
such schists can be extremely difficult and expensive. 


Properties of gneiss 


If pressure and temperature are high enough and act long enough, schist may be 
transformed into gneiss. In gneiss, as in schist, the individual crystals are oriented 
approximately parallel to a plane or a warped surface, but the percentage of flaky 
constituents is much smaller than in schist. Therefore, the cleavage is very imperfect 
and the strength of gneiss in an intact state may be equal to that of an igneous rock. 
It represents the last stage in the transformation of clay sediments into solid rock. 


The mineralogical composition of gneiss is generally similar to that of a granite. 
If gneiss consists of the same constituents as granite and its cleavage is poorly de- 


veloped, it may be called a granite-gneiss. In a tunnel, granite-gneiss breaks much 
like granite as shown in Fig. 1 a. 


Cleavage surfaces in gneiss are commonly very uneven and wavy. Cleavage 
surfaces with such charactertistics can be seen on the roof of the tunnel shown in 
Fig. 22. 
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Chapier 2 
MECHANICAL DEFECTS OF ROCKS 


PRINCIPAL TYPES OF MECHANICAL DEFECTS 


Every rock, without exception, has more or less conspicuous mechanical defects 
which have no direct connection with its inherent properties. They consist of more or 
less closely spaced fractures. Simple fractures are known as joints. Fractures of large 
extent along which a relative displacement of the adjoining masses of rock have 
occurred are called faults. In some instances the rock adjacent to faults is completely 
crushed. Such rock constitutes a crushed zone. 


If a rock has innate mechanical defects such as bedding or cleavage planes, the 
joints and faults constitute a supplementary source of weakness. 


JOINTS 
Definition and origin of joints 


The term joint indicates a crack or a fracture in a rock along which no noticeable 
displacement has occurred. A joint can be open or closed. Closed joints may be 
nearly invisible. Yet they constitute surfaces along which there is no resistance 
against separation. In quarries the spacing of joints determines the largest size of 
blocks of sound rock which can be obtained. Therefore joints and joint systems have 
attracted the attention of builders ever since cut stones have been used. 


Joints in many igneous rocks are due to the volume contraction associated with 
cooling. Many of the joints in deformed rocks of any kind are due to failure by tension. 
The origin of the joints in undeformed sedimentary rocks such as limestone or sand- 
stone is not yet clearly understood. However, it can be taken for granted that almost 
every rock contains joints. 


Joints in igneous rocks 


In igneous rocks which cooled rapidly the joints are generally closely spaced. A 
well-known example is columnar basalt, which consists of columns oriented at right 
angles to the surface of cooling. The columns commonly measure from five to ten 
inches across. Since the joints between the columns are open, water circulates freely 
through them. In contrast to basalt, rhyolite has a tendency to develop closely spaced 
and irregular joints. 


The joint system in coarse grained igneous rocks such as granite commonly 
consists of three sets of joints which divide the rock into more or less prismatic blocks. 
The width of the blocks may range between a few inches and many feet. In some 
parts of the country the orientation and the spacing of the joints in granite is almost 
constant over large areas, whereas in others it changes from place to place in an 
erratic manner. 


In many massive rocks other than extrusive igneous rocks, the joints are either 
not continuous or so irregular that the blocks located between them are intimately 
interlocked. Hence the blocks cannot change their relative position without some 
fracturing along their contacts. Nevertheless the joints break the continuity of the rock 
and reduce the average strength of the jointed mass to a small fraction of that of the 
same rock in an intact state. 
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almost every drilled well strikes water. Below this depth the prospects of striking a 
water-bearing seam decrease very rapidly. 


Nevertheless, even at much greater depth, tunnels are often wet. Exceptionally, 
very large quantities of water may be encountered. The San Jacinto Tunnel in Cali- 
fornia is an example. Part of the western section of the tunnel, located in jointed granite, 
was mined from the Potrero shaft with a depth of 796 ft. In spite of the great depth the 
quantity of water which had to be pumped from this tunnel rose to 16,200 gal. per 
min. Fig. 5 shows the water flowing out of the seams in the working face. 


The general character of the joint system can usually be determined in advance 
of construction by a careful examination of rock exposures located in the vicinity of 
the tunnel line. Supplementary information can be secured by means of diamond 
drill holes. However, the spacing of the joints and their water-bearing capacity can 
hardly ever be predicted reliably. 


FAULTING, FOLDING AND THRUSTING 


General characteristics 


The terms faulting, folding and thrusting indicate the effects of major movements 
in the earth's crust involving displacements along planes of failure known as faults, 
bending of strata into folds or both combined. In contrast to the processes which lead 
to jointing, the intense deformation resulting in the formation of faults and folds occur 
only within geographically limited districts commonly known as zones of tectonic 
disturbance. 


Normal faults and reverse faults 


In some regions, the earth's crust is broken up into individual strips or blocks. 
Each of the blocks is relatively undisturbed, but some of them have subsided with 
reference to their neighbors along planes which dip at a steep angle towards the block 
that went down. These planes are known as normal faults. Fig. 6a illustrates a normal 
fault across a sedimentary formation. 


The direction of the trace of a fault on a horizontal plane with reference to the 
true north-south line is known as the strike of a fault. The vertical component of the 
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displacement represents the throw of the fault. It may range between a fraction of an 
inch and several thousand feet. The horizontal component of the displacement, meas- 
ured at right angles to the strike of the fault, is referred to as heave. It should be noted 
that the displacement of the masses of rock adjoining a normal fault, Fig. 6 a, involves 
an increase of the width of the area occupied by the rocks. The total elongation is 
equal to the heave. 


Less common in undisturbed regions are the reverse faults illustrated by Fig. 6 b. 
These faults involve a shortening of the region, which is equal to the heave. The move. 
ment along both normal and reverse faults may be associated with a displacement in 
the direction of the strike of the fault. Such displacement is called strike slip. The 
strike slip of some faults is much more important than the throw. Movements of this 
type are chiefly encountered in folded regions which will be discussed under the next 
sub-heading. 
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Fig. 6 b—Reverse fault 


Important dislocations may occur along several more or less parallel faults, 
located close to each other. They constitute a group of faults and the zone which 
contains the faults is known as a fault zone. 


Folds and thrust faults 


On every continent there are several zones in which the rocks have been pressed 
into steep folds. As a rule the folds are more or less parallel to each other. There is 
one broad zone of folds near the Atlantic coast of the United States, and several others 
are located in the western part of the country. The forces which produced the folds 
were approximately horizontal and their intensity was very much greater than the 
intensity of the vertical pressure due to the weight of the rocks. The condition pre- 
vious to the development of these horizontal pressures is shown in Fig. 7 a. 


Gentle folds are commonly symmetrical with reference to a vertical section through 
the crest of the fold. Such folds are known as symmetrical folds. Other folds are asym- 
metrical, that is, one limb is steeper than the other, as shown in Fig. 7 b. Such folds are 
produced by a one-sided lateral thrust which may ultimately produce failure by shear 
along a surface rising at a small angle to the horizontal, as shown in Fig. 7c. The 
surface of failure constitutes a thrust fault. 
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turned folds and overthrusts. If a zone of overthrust is approached in the direction in 
which the pressure acted, all types of deformations may be encountered, intermediate 
between those illustrated by the cross sections b to ۶ in Fig. 7. 


Cross faults 


After a mass of rocks has been intensely deformed by folding or thrusting, it 
usually breaks up into blocks which are separated from each other by normal or steep 
reversed faults, similar to those shown in Fig. 6, or by faults associated with important 
horizontal displacements. The prevalent direction of these faults is parallel with or at 
right angles to the folds. Faults approximately at right angles to the folds are called 
dip or cross faults. 


Rock defects due to faulting and folding 


The space between the walls of a fault is filled with crushed and powdered rock. 
The thickness of the crushed zone may range between a fraction of an inch and many 
feet, and the crushed material may be highly permeable or almost impermeable. If 
the powdered rock located between the walls of a fault has a high clay content, it is 
called fault gouge. Crushed material containing a large amount of angular fragments 
is referred to as fault breccia. The rock adjoining a fault may be perfectly intact or it 
may be badly broken up to a considerable distance from the fault. If the rock at the 
walls of a fault is intact, its surface is generally polished and shiny. Such polished 
surfaces are known as slickensides. 


The mechanical rock defects due to folding depend primarily on the stress- 
deformation characteristics of the rock. Rocks which are sufficiently strong to transmit 
a compressive force under given conditions are said to be competent under those 
conditions. On the other hand, rocks which are sufficiently plastic to deform without 
fracturing are incompetent. Sandstone, quartzite and igneous rocks are relatively com- 
petent under all conditions. Shale and slate are commonly incompetent. Limestone is 
likely to be competent at low temperature and under moderate pressure. At depths 
where high pressure and temperature favor recrystallization, it is likely to be relatively 
incompetent. 


Competent strata in folded regions are likely to be intensely fractured whereas 
incompetent strata in the same region may be almost or entirely intact. The effect of 
intense deformation on a competent stratum is illustrated by Fig. 8. It shows the 
heading of a tunnel through quartzite which is a highly competent metamorphic rock 
composed chiefly of quartz. On account of tectonic movements the quartzite was com- 
pletely crushed. The crushed material was slightly re-cemented with the result that 
the excavation required blasting. However, as soon as the shots were fired, the 
crushed and recompacted rock disintegrated into cohesionless sand. 


The degree of competence of rocks also determines their condition in the proximity 
of large overthrust faults such as that shown in Fig. 7 f. If the rocks adjoining the fault 
are incompetent, the fault may be barely visible in the tunnel. But if some of the strata 
are competent, the fault is likely to be accompanied by big irregular pockets and thick 
layers of completely crushed and powdered rock. 


Rocks consisting of minerals with relatively equidimensional crystal forms such 
as quartz or dolomite, have in a crushed state the properties of a sharp-grained sand. 
On the other hand, shales derived from clay, and schists with a high content of 
micaceous minerals, such as chlorite or sericite, are likely to have in a crushed state 
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resents the roof, and the adjoining strips the two sides of the pilot drift. The exposures 
in the drift disclosed an intricate network of faults and shear zones, and the sequence 
of rocks was as erratic as if the rock had been passed through a giant crusher. Yet all 
the faults and shear zones shown in the figure were completely healed. The rock load 
did not exceed that of a moderately jointed rock, and the water entered the tunnel 
only through solution channels and through a few seams which seemed to be of 
recent origin. 


FAULTING AND THRUSTING IN RELATION TO TUNNELING 
Effect of faults and thrusts on rock conditions in tunnel 


In connection with tunnel engineering, the magnitude of the throw of a fault is 
irrelevant, because it is by no means uncommon that a fault with a large throw is 
associated with a very thin layer of gouge which can hardly be detected in the tunnel, 
whereas the same rock adjoining another fault with a small throw, may be badly 
broken over a broad belt on either side of the fault. 


Fig. 10 shows a narrow fault zone which was encountered in one of the tunnels 
of the Delaware Aqueduct. The rock located along the fault was completely crushed 
within a zone several feet wide. However, the crushed material was well compacted and 


cohesive. 


The walls of some faults are separated by a space several feet wide filled with 
sand or sand-like material. If a tunnel located beneath the water table encounters such 
a fault, a mixture of sand and water rushes into the tunnel. Such an accident occurred 
in the Hetch Hetchy Tunnel for the water supply of San Francisco. It caused con- 
siderable delay and expense. Fig. 11 shows a similar flow of sand out of an open 
seam into one of the tunnels on the Pennsylvania Turnpike. 


A geologist is generally able to predict, on the basis of the results of a geological 
survey, whether important faults are likely to be encountered and to indicate the 
approximate location of most of them. But he is rarely in a position to predict the 
width of the zone affected by faulting and the conditions of the rock within this zone. 
Hence, if faults are to be expected, local deviations from the average pressure condi- 
tions are possible but their importance cannot reliably be predicted. 


Rondout Tunnel 


The Rondout Pressure Tunnel of the Catskill Water Supply of New York City is an example 
of a tunnel through moderately folded and faulted strata. The tunnel has a total length of about 
4-1/2 miles. It is located at a depth of about 400 ft. below the deepest part of the valley floor. 
It intersects several steep reverse faults and one normal fault and the surrounding rock consists 
chiefly of limestone, shale, sandstone and conglomerate. The principal difficulties were due to 
water and gas. À detailed description of the conditions encountered in this tunnel has been 
written by L. White!. 


Astoria Tunnel 


The difficulties experienced in driving the Astoria Tunnel are typical of those likely to be 
encountered in the proximity of a big overthrust fault of the type illustrated by Fig. 7f. This 
tunnel, with a length of about 4,600 ft., is located at a depth of about 200 ft. below the level of 
the East River between Astoria and the Bronx in Greater New York. At the site of the tunnel 
a mass of gneiss has been shoved over the younger dolomite along an uneven, gently inclined 
thrust fault. 


l. Lazarus White, "The Catskill Aqueduct," John Wiley & Sons, Inc., New York, 1913. 
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findings it was decided to drive the tunnel at a depth of about 300 ft. below the level of 
the Harlem River, and no difficulties were encountered. If the geological survey and the sub- 
sequent borings had not been made, the tunnel would have been driven at a higher level and, 
as a consequence, the difficulties associated with traversing the cross fault might have been 
very serious. 


Hudson River crossing of Catskill Aqueduct 


Investigations similar to those on the Harlem River were made prior to choosing the site 
for the siphon which carries the water of the Catskill Aqueduct from the west to the east side 
of the Hudson Hiver. Several sites were thoroughly explored before it was decided to cross the 
river at Storm King. 
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Chandes 3 
CHEMICAL DEFECTS OF ROCES 


ORIGIN AND OCCURRENCE OF CHEMICAL DEFECTS 
Causes of chemical defects i 


The term chemical defects refers to those defects of a rock which are due to 
alteration or removal of rock constituents resulting from chemical reaction between 
these constituents and water. Many rock constituents, such as feldspar, are gradually 
decomposed even by chemically pure water. However, the water which enters the rocks 
is never chemically pure. It contains various gases and solids in solution which may 
considerably intensify its chemical effects. Water may enter the rock from the surface, 
or it may rise into the rock from great depth. The main supply channels are the joints 
and faults and from these the water enters the interstices between the mineral grains. 


The volume porosity of the densest rocks, including igneous rocks, such as granite, 
commonly ranges between 0.5 and 2.0 per cent. In spite of the low porosity of these 
rocks their permeability is relatively high. It may even be considerably greater than 
that of soft clay or a laboratory specimen of rich concrete. Since the voids occupy 
a very small part of the entire mass of rock a small amount of seepage is associated 
with a high rate of flow through the voids. The chemical action of the percolating 
water is further enhanced by the fact, inferred from experimental data, that almost 
the entire surface of every mineral grain is in contact with the percolating liquid. 


The chemical action of rainwater which enters the rock from the surface is com- 
monly referred to chemical weathering, whereas warm water coming from depth is 
said to produce hydrothermal alteration. 


Defects due to weathering 


The action of rainwater which enters the rock is twofold. Chemically unstable rock 
constituents, such as feldspar, are decomposed and soluble constituents, such as 
calcium carbonate or the soluble products of chemical decomposition, are removed in 
solution. Both processes combined are called chemical weathering and the removal of 
the soluble constituents is known as leaching. On account of these processes the sur- 
face of the intact rock is almost everywhere covered with a mantle of leached or 
weathered rock. This mantle can be compared to the layer of rust which develops on 
the surface of a piece of steel. At the very surface of the earth the weathered material 
turns into top soil which represents the ultimate stage of rock weathering. 


In warm, moist atmosphere every perishable substance, including rock, decays 
much more rapidly than in a cool, dry climate. Therefore, the rate of rock weathering 
increases in general from the poles towards the equator, and at every latitude it 
increases with increasing annual rainfall. In regions of moderate rainfall in the south- 
eastern United States weathering extends locally to a depth of 100 ft. Exceptionally, 
even greater depths of weathering have been encountered. 


On the other hand, in semi-arid parts of the western United States, with a similar 
topography, the depth of the weathered zone is very small. 


Finally, in regions which were formerly covered with ice, such as North America 
north of the parallel through New York, there are large areas where the zone of 
chemical rock weathering is completely absent. The plow-action of the moving ice 
sheet removed in many places everything located above the boundary of the chemically 
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and mechanically intact rock. The time which elapsed since the retreat of the ice was 
too short to permit the formation of a new zone of chemical rock weathering. 


Defects of hydrothermal origin 


In some regions the voids of the rocks have been invaded by hot aqueous solutions 
coming from relatively great depth. Changes produced by these agents are known as 
hydrothermal alteration. The solution may permeate the entire mass of rock or it 
may merely invade a fault zone and the adjoining rocks. The chemical alterations pro- 
duced by the solution depend on the chemical composition of the solution and the rock; 
and also on the depth and temperature at which the changes take place. 


In some parts of the earth's crust, chiefly at great depth, hydrothermal alteration 
was constructive. Mechanical defects, such as open fissures, were healed by deposition 
of quartz. Soft rocks, such as shale or weak sandstone, were transformed into hard 
rocks, such as schist or gneiss. These constructive processes have already been men- 
tioned in the preceding chapter. On the other hand, in some regions the hot solutions 
coming from below have completely deprived the rock of its innate strength and have 
produced far more radical and detrimental changes than those associated with 
weathering. In connection with tunneling, only the detrimental effects of hydrothermal 
alteration need to be considered. 


Chemical defects in fault zones 


Fault zones in which crushing took place constitute underground drains. Since 
they may be invaded by surface waters or by hot solutions coming from below, or 
by both, chemical alteration in such zones is likely to be more intense and more 
varied than in the zone of weathering or in the zone of hydrothermal alteration. It 
may take place at any depth. 


Conditions for the development of zones of chemical alteration 


Chemical alteration is most active where water percolates through the voids of 
the rock either intermittently or continuously. This condition determines the boundaries 
of the zones of chemical alteration. The water which produces the alteration comes 
either from the surface or from the interior of the earth. 


The flow of water coming from the surface requires a hydrostatic head with refer- 
ence to sea level. Therefore the chemical action of surface waters cannot extend beyond 
a moderate depth below this level. However, if a zone of rock weathering subsided 
and was buried below younger sediments, it may be encountered at any elevation. 
In some regions the younger sediments were transformed into rock and the older rocks 
together with the superimposed younger ones were again lifted and folded. In such 
regions a tunnel may pass from intact older rocks through a zone of chemical rock 
weathering into intact younger rocks. 


In the zone of hydrothermal alteration the flow of water into the rock is main- 
tained by a source of excess hydrostatic pressure located at great depth. Hence effects 
of hydrothermal alteration may be encountered at any depth below the surface. 


SOLUTION PHENOMENA IN SOLUBLE ROCKS 


Origin of underground drainage channels in limestone 
The most commonly encountered soluble rock is limestone. Limestone remains 
practically unaltered between waterbearing joints, but year after year a certain 
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quantity of rock is carried away in solution by the water which circulates in the joint 
system. For purely mechanical and hydraulic reasons the process tends to create in 
the rock more or less well-defined zones of drainage. It finally produces a system of 
continuous caves comparable to the brook and river channels which constitute the 
surface drainage system above insoluble rocks. 


Absence of surface runoff in a limestone region is a sure indication of the existence 
of a natural system of drains, because the water must go somewhere. The character 
of the drainage system depends primarily on its degree of maturity. In its youth it 
consists of a fairly uniform system of water-bearing joints. Ultimately it becomes a 
fairly well defined and continuous system of caves separated from each other by almost 
impermeable rock. The surface waters enter the drainage system through joints or 
natural wells. The geologist can usually predict the general character and the discharge 
capacity of the system, but the location of the drains, including the main channels, can 
hardly be ascertained by surface observation in advance of construction. 


It is doubtful whether extensive solution channels can be leached out below the 
lowest water table. But on account of a subsequent rise of the water table, extensive 
caves may be and have been encountered at a considerable depth below the lowest 
water table, and even below sea level. Caves may be partially or even completely 
filled by the insoluble constituents of the dissolved limestone. The fill usually consists 
of a reddish clay. 


Hence, in limestone containing an underground drainage system the tunnel builder 
may encounter open caves or accumulations of limestone blocks or fragments. The 
interstices between the fragments may be open or filled with reddish clay. The diffi- 
culties due to the sudden inrush of large quantities of water or a mixture of water and 
sand or clay may be exasperating. But between the zones of drainage the rock is 
sound and even in broken zones pressure is never a serious problem. 


Disintegration of dolomitic limestones 


Dolomitic limestones consist of an aggregate of calcite and dolomite crystals. 
Both minerals are soluble in water, but the solubility of calcite is very much higher 
than that of dolomite. In some regions the calcite contained in such limestone has 
been removed by solution, whereas the dolomite crystals are still present. Such a 
process transforms the rock into an aggregate of dolomite crystals, with little cohesion. 
When the rock is blasted, it disintegrates into a sharp sand, similar to the crushed 
quartz which covers the floor of the tunnel in Fig. 8. 


DECOMPOSITION OF CLASTIC ROCES 


Clastic rocks are accumulations of rock fragments which have subsequently been 
turned into rock by cementation or local intergrowth. If the rock fragments as such are 
not subject to perceptible chemical alteration, the process of rock decomposition merely 
resolves the rock into its original constituents. This statement applies to quartz conglom- 
erates, quartz, sandstone and shale. Since shales disintegrate into materials similar to 
the silt or clay from which they were derived, the properties of a decomposed shale 
may range between those of rock flour and those of clay. 


In contrast to quartz, sandstone and shale, some sandstone contains a high percent- 
age of unstable minerals such as feldspar. Such rocks are altered to clay or to a clay- 
like material. 
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DECOMPOSITION OF METAMORPHIC ROCES 
Products of weathering of metamorphic rocks 


In connection with the effect of weathering on metamorphic rocks, distinction must 
be made between rocks containing chiefly quartz or calcite such as quartzite and marble, 
and rocks consisting chiefly of micaceous minerals, such as chlorite and mica schist. 
Quartzite is unaffected by weathering and marble is subject chiefly to solution. On 
the other hand, most schists tum into a material which can hardly be distinguished 
from a clay. In some schists the transformation seems to be almost entirely due to a 
loss of cohesion and the mechanical breaking up of the original constituents of the 
rock, whereas in others part of the clay was produced by chemical changes, but the 
final product of the alteration invariably has the properties of clay. 


Squeezing and swelling rock 


The mechanical properties of a metamorphic rock altered into a clay-like substance 
can be as widely different as those of a sedimentary clay. Every soft clay and many 
stiff clays tend to squeeze into the tunnel wherever they are not supported. Therefore 
decomposed metamorphic rocks with clay characteristics are commonly referred to as 
squeezing rock or squeezing ground. However, the manifestations and the causes of 
the squeeze can be very different for different clays and decomposed rocks. 


In most clays and most decomposed rocks the squeeze is merely due to a slow, 
viscuous flow of the material toward the tunnel, at almost constant water content. Less 
commonly the squeeze is chiefly due to an increase of the water content of the material, 
associated with expansion. If the squeeze of a decomposed rock is chiefly due to 
expansion, the rock is referred to as a swelling rock. Swelling clays and swelling 
rocks are likely to exert much heavier pressure on tunnel supports than clays and 
rocks without any marked swelling tendency. 


The swelling capacity of both clays and decomposed rocks depends on several 
factors, including the type of clay minerals which they contain. The most conspicuous 
swelling tendencies are encountered in clays and decomposed rocks containing a high 
percentage of clay minerals of the montmorillonite group. Clays which consist chiefly 
of clay minerals of this group are known as bentonites. 


DECOMPOSITION OF IGNEOUS ROCKS 
Cause and effects of chemical alteration of igneous rocks 


In contrast to schists, igneous rocks in an unweathered state do not contain a 
high percentage of platy minerals. Hence in a crushed but chemically unaltered state, 
these rocks have the property of an ordinary sand. Yet every igneous rock contains 
a high percentage of chemically unstable minerals, the feldspars. Chemical alteration 
commonly changes these into clay minerals. Hence the final product of the alteration 
of igneous rocks like that of a schist generally has the character of a clay. If encount- 
ered in a saturated state, it may exhibit the properties either of a squeezing or a 
swelling rock. The specific properties of the altered product depend on several factors 
including the type of clay minerals which originated during the process of alteration. 
Experience indicates that the swelling type of altered granites is most frequently en- 
countered in zones which have been subject to hydrothermal alterations. 


Serpentinisation 
The internal decay of some dark colored igneous rocks, such as diabase, is 
associated with the formation of a greenish mineral known as serpentine. Experience 
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indicates that the occurrence of large quantities of serpentine in a rock may be 
associated with exceptionally heavy pressure on the tunnel support. This association 
probably results from the fact that the alteration to serpentine involves a volume 
expansion which creates severe internal stresses in the body of rock subject to alteration. 


SYMPTOMS OF CHEMICAL ROCK ALTERATIONS 
Characteristics of hand specimens of altered rock 


The first symptoms of chemical decay of a rock are lack of lustre, local staining 
and dull sound when struck with a hammer. A fragment of decomposed rock, freshly 
recovered, may appear to be fairly or even entirely sound. However, if the fragment 
is exposed to the atmosphere for several weeks or months, it gradually disintegrates. 
This process is commonly referred to as weathering or disintegration. 


Slaking at tunnel walls 


The particles of a chemically altered rock in a disintegrated state are of different 
size. Some of them are crumbly and the heap of rock fragments is likely to contain 
some clay. A chemically intact rock weakened by a network of closely spaced joints 
also disintegrates, but the fragments are sound and of approximately equal size. The 
symptoms of chemical rock alteration are so important that they should be carefully 
observed and described in detail in both the daily reports and in papers dealing with 
construction operations. 


If a cylindrical specimen of a chemically altered rock is submitted to a simple 
compression test by loading it, it is likely to disintegrate under relatively low pressure, 
before its height has decreased perceptibly. This property of altered rock is chiefly 
responsible for the 'slaking' of such rocks at the walls of tunnels (see Chapter 4.) 


CHEMICAL ALTERATIONS IN RELATION TO TUNNELING 
Tunneling through zones of chemical alteration 


Chemical defects of rocks are commonly associated with mechanical defects such 
as jointing or faulting. Chemical weathering starts at the walls of fissures and proceeds 
towards the interior of the blocks located between the cracks. Therefore it is not 
uncommon that an altered rock which can be excavated with pick and shovel is in- 
terspersed with large, usually rounded, boulders of fairly intact rock requiring blasting. 


In order to visualize the general character of thoroughly weathered or decayed rock 
it should be remembered that the fine grained sediments such as silt and clay are 
nothing else but the final product of chemical rock weathering. In connection with 
clastic and many metamorphic rocks, chemical weathering involves a return to the 
original state. Hence those sections of a tunnel which are located within zones of 
intense chemical alteration are nothing but sections of earth tunnels located between 
sections of rock tunnels. In some regions the transition from rock to earth is abrupt 
and in others it is gradual, but in any event it requires a change of both the method 
of attack and the type of support. 


Sequence of zones of chemical alteration 


When a tunnel is driven through a ridge it must pass on both sides through the 
zone of rock weathering. Within this zone the rock may have lost part or even all of 
its strength. If the ridge is low, the entire tunnel may be located within this zone. Be- 
tween the sections located in the zone of rock weathering, chemically altered rock may 
again be encountered wherever the tunnel intersects a fault zone or a zone of hydro- 


43 


Google 

































7 LI 
t z Y 
w < 
ha length a ‘the: ‘tunnel ‘sections Tenai wisi the 2 pone eli surface: weathering: - 
>í 
cannot be- pues with nny یت‎ nt. EY: dar ee indications, because | 
AS 
^ 
A 
A (ms m paced from, 1 D to zi D centers. کا کے‎ 
5 : d 4x k 3 . ` A AG 5 zt. f ھی‎ u^ 5 ^ , = Ë < < < k > à ‘ T r t; 3 izi VS ec d. f ; 
> £t. ¿; | š : ES : "Q b. 2ک سس‎ coa — سرے ہے‎ a : Ghrios am - 4 حو‎ ¿ I + 2 ; ded. 
TORUM MT MN scene ی ی وو‎ LA هو بالط اس ا‎ pl ا روا ی‎ 
Fe موجه‎ ett Tre e yee’ pd. چیم یئن ایی یز کہ تام‎ apd f <=. prey b rta Be کت ی‎ ` Jd ead S ووو 4% 8 ری‎ qe di —- Fair 42 M t fre rris | 
At igdi: risi تمه‎ GEES z^ ores: S یڈ‎ PIENE سی کے ہاو‎ iot) eR 4 dies Fe 9 وی‎ + gall w کړ‎ E HET (0) ۴ r » ae ai a Y کے 277 یو‎ we 5-3) 45 0L rl 
Ë - > IPRC: ee. f: ۱ qb €. NÉE 7 aut 9چ ۷ یں‎ å p RP RIA 
هی‎ aet 53 me ود‎ Té کو و وم‎ wç T. کا‎ BOR SN E وت کہ ا‎ Mi 42. 2 bti اب‎ Nei Pure t EC M n Mesi hint مر رو‎ a^ عم سی بای‎ gd NAY 
] atia pamm Q cer ie asi nate | سرت سر ہہ‎ eec es [1 تم‎ Perl انتا‎ Pw byte ام زد سظ1‎ 4 ur de. | ront M^ بچ“‎ mW v Lo Oy e فی‎ re اه ۳ نرہ‎ L; I 
panit Au uite میک‎ pn ات و مد بل رن ےھ سای‎ ee decine iege رج چ ۵ کی‎ pue. E ا‎ ie dd end. k: 3 GAS š ; Senate? niri, a Pye ha athe hn both ۷ 
re = او‎ aya tote. k TH m6 vate š t BEAT > Ber iru y iae oot # ts ^0 4*9 i4 ۳4 E yey br | Less * ' مسر‎ vut brook p نیم دب‎ 
iM) A 2 1 MAS Peres > SA | چیہ سے ہو ہیی 5# ےت نوی‎ lel همم‎ way’ SIS وی مد‎ re Mah آپ‎ x s i Su AE. Pes 26 چا وب‎ x yay ہے ابی‎ ais 
5 4 پیم‎ Sere te ^ 5 اہ‎ Perl ( p" 
beste ded da وت‎ si Eater کو ہو وو و اس دو واج یب‎ rte MU E با ی و‎ eT, 





re 1 dX y 1:22 کی و‎ 


A rA ware E و‎ — < vi V 
we اتد ھا‎ p anta vhs ۱ 
















* ‘hi “> ATA 12 x ۱ Ly" > z y 4 » 3 EARS ^ > > 2 ان‎ PAR 1 p X O d 
Z ye tite iS tia t s RN چاو‎ EES TRU inl [ee tes: مر چم معن‎ a ‘= رپ‎ a کر‎ hid Ud se» fR 
=== e ا ہی‎ xd ۱ iega $3 + ; FE Set و‎ š P ASTON PER Ae رد‎ SRY 
2. v 2 3 "t یھ‎ Mb Ç . - Pes us rif 5 VS NEA o ro ۱ 


^ £ , FANY: M 5 A 

ra + 5 rs ia e REBEL 

۱ 2 1 موی‎ 3 
Hi ۹ , 














































ET NS E. ^x i T "es. شلاح‎ A P IONS > » 
T 73 PEE Tg یس پگ 9 * رصم‎ ۳ Y ۳ 
ee wre Ne ہی‎ d ری بی بیو‎ m Ex: توت(‎ IPIE UTE ji. بل‎ M^ ^ ی سر‎ s راو ا و‎ Hea 1 Trae Fock 9: ۹ ود‎ 
7 IL 99 کک‎ Em seti Vni.) افص ها‎ Foi te MA vir tat با‎ Sh ^uis , Gu ANO We ار‎ ‘ ç ` 3 ee کو‎ q ود‎ ar ge A Ret 
دہ عمش ا مہ‎ $i سوہ سام‎ svn bratty مور‎ irr to, کدی( مب ری‎ n SE فقو‎ Mio, Thoin” سو یں ری کو یں ا میں‎ | `Y e eie dvd are | VE 
w^. ایو نا‎ Í ET q h. 4 m à Ld » ad Adi te s^ A Quis ^ SN "we it € 72 5 t š 
Tn Mosa es ۳9 کا رہ دی جا پش‎ ah | i — ANA ان‎ Dl ^y d «pr tovs. n ya: ۷ 1 
Mis. M مه‎ HA made utens | | 1 deus Y ache Á s ۳ ۱ مو سی کش‎ ES on 5 
باوت‎ ۷ ay ۱ — سر پیر‎ Loe. مر( 3 تح" یہد‎ aad Re EA وس کی ا کی زور‎ É ficos S 
vite) ky ali. Ne . انل‎ diio wa. me E سی‎ but... Partie il شا جو کک‎ Je RÀ ej RA Ag A Kei 
4 ` ! سے‎ G; phy Opin یہو‎ altus m] REIN یواح مکی‎ Cr e oue a جوا کا گے‎ oe تچ بیو پان‎ E Ng 4 
.وهی شرا‎ (empha piene, ales I ۶ 2053 اف‎ Nera ees sw چا ین‎ A 
F : P w Wah Awa ul vm do med Pe š 3x T! A, Tr 
|| semper paw Pony SIUS j $ سس یا بویا‎ rdi ین‎ a: را ہے‎ uu, "hA. 6k ہا نو‎ D ov : 
iud. ere’ a بح ]۔‎ 1 api نبا می‎ repay RUP "es fet. 2 tit f wi T وو‎ aa? خر‎ A 
| aca : , ۱ 4 Ma موه‎ er 2. 4 
Tux Tiu RICE 
سی‎ AS ¿Y وید روصلا‎ Ravn ds سو ماهر‎ SU MEE ہپ‎ : 
۱ JS چيم‎ CIN ARA d» Sh y NC 
— ae مت‎ E š ۳ mx su à 
aed Ne 
۱ ht Apr 
feo سم وس‎ OE e + "E i-i CE > F تج‎ E E = 3 y ura == -K is ry! > .. : 0 i ۱ HS 2. 2 3 کے جر‎ KA 
نمی‎ AR ۱5 oot Ab ری وھ رف‎ SOUS E ما < ری‎ eS: ون .. ان‎ iH “SD ER SSIS CS TES 1 
7 “bh Pool را ری ہے با ھت ویو‎ efi eM RES OT DATES z Q "à فو ماد ابیت‎ rsi ما‎ E کے‎ ç 
یں‎ ein itl ES thi E و‎ d "x FORET per ee ^q cor or V, . e جا ور‎ 
Exe 5 X Cà. £o. 3 5 و2‎ 1 1 A t Ç, p 2 , ` g ats a ZW < > 3 فی 1ہ سے‎ FF up S d 
1 < E 3D £a", TUS ۸ e 
$i aer ' و‎ X A i bi 
و‎ ae) / A Mid چ‎ ^ 


۳ k P a = 0 - T * : ` ` E 0 - ` ٠ 

” a ها‎ OU 2 x Ye 1 ` er 3 Ce. 7 ut 2 Ye ھا‎ NT. pee ach. 2 WARD .ا‎ e Y ۱ 2 Vin VE fis p + $ y 4 
^ M F وب مه‎ Y شش‎ DICAM NEN PRS penne P SA E eA" / Sy e ama xê 2ے مو‎ < * ," ATQ ٦ 6 3 2 ave, ما‎ -* 
جر ہہب سب‎ » ME ٦ یج‎ ste =i yen z حسم ہپس له سر‎ k. PODER UM. diy اب یں‎ d 
a: ¿ SLE SEE rra as پم‎ s E الیم يلت‎ p wa مج‎ es 4 ts à 
۱ HE bit B یرم فدہ‎ dt e pie eterni re ×یں اس یں ںہ‎ - 2 


WUWPOWY می‎ N ON M رہ ا ور‎ BFE GUN AN, n 
1 t `. "i ' ۷ (^ $ 














pce nl rock c scat 


8 ae ‘lust $e 
Um conditions: encountered. ` 


sa mind of Vati. ررقم‎ in TN 
ochtered ina fault zone, The spacing. af ThE ni $ Sa 
x im ay, veré placed at 1 tt centers and: fet mare 7 


Yet. poly. aI m 1 further rr. no 90667 











Digitized by l. tt | Original from 
l Ot 8 € UNIVERSITY OF MICHIGAN 


In a valley in granite in central France the rock conditions have been explored by driving 
drifts into the sides of the valley. One side was very steep, whereas the other one rose at a 
gentle slope. On the steep side sound granite was encountered at a distance of about 4 ft. 
from the portal. On the gentle side excavation had to be made with pick and shovel through 
weathered granite and no sound material was met within a distance of 65 ft. from the portal. 
In another valley in granite it was found that the granite was completely decomposed to a 
depth of about 180 ft. measured at right angles to the slopes. The decomposed granite contained 
fragments of fairly sound rock with a diameter up to one foot. 


Forecasts of rock conditions in fault zones involve similar uncertainties. The 
location and orientation of faults or fault zones is commonly disclosed by the results 
of the geological survey, but the type of chemical alterations and the width of the 
altered zone associated with the faults can hardly be predicted. In some instances it 
was found that the width of the crushed and altered zone decreases rapidly with 
increasing depth below the surface as shown in Fig. 12. In other locations no such 
tendency exists. Fault zones in igneous and metamorphic rocks may be associated 
with a rather erratic sequence of fairly sound and of completely decomposed squeez- 
ing or swelling rock. This condition is illustrated by Fig. 13. This figure represents part 
of the geologist's record of the rock conditions encountered in a fault zone during the 
construction of the Continental Divide Tunnel on the Big Thompson Project in Colorado, 
U. S. Bureau of Reclamation. 


Least predictable are the rock conditions in tunnels through rocks such as granite 
which are subject to hydrothermal alteration. Both portals of such a tunnel may be 
located in perfectly sound rock. Nevertheless, on account of hydrothermal alterations 
in the interior of the mountain, undisclosed by surface evidence, the major part of 
the tunnel may require heavy support. Such surprises were experienced in various 
localities, including the Sierra Nevada in California. 
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Chapter £ 
LOAD ON TUNNEL SUPPORTS 


INFLUENCE OF ROCK CONDITION ON ROCK LOAD 


Rock load and earth pressure 


Tunnel supports in rock tunnels are said to be acted upon by a rock load, whereas 
the tunnel supports in earth tunnels are acted upon by earth pressure. The term rock 
load indicates the height of the mass of rock which tends to drop out of the roof. If 
no support is constructed this mass of rock drops into the tunnel by increments 
whereby the roof assumes in the course of time the character of an irregular vault. 
Yet this vault may remain stable for a long time as demonstrated by the roof of 
natural caves. Fig 14 shows such a vault. It was formed during a few decades by the 
dropping of rocks out of the roof of a tunnel after the roof support had rotted away 
On the other hand, the term earth pressure indicates the pressure exerted by a 
cohesionless or plastic material onto the tunnel support. If no support is installed, this 
material invades the tunnel either rapidly or slowly and the process continues until the 
tunnel has disappeared. The rock load depends on accidental details such as the 
spacing and the orientation of the joints, which may change from point to point, 
whereas the earth pressure depends on the average properties of the material sur- 
rounding the tunnel. 


Earth tunnel conditions in rock tunnels 


Wherever the rock is chemically intact and no more than moderately jointed, the 
roof of the tunnel is either self-supporting or else it requires no more than a tunnel 
support capable of sustaining moderate rock load. The sides of the tunnel are com- 
monly stable. Exceptions to this rule will be mentioned. On the other hand, wherever 
the rock is completely crushed or decomposed, typical earth tunneling conditions will 
be encountered. This is not surprising, because "earth" is merely the final result of rock 
disintegration and chemical rock decomposition. Hence if a tunnel crosses a ridge or 
spur containing fault zones and zones of chemical alteration, it may consist of rock 
tunnel sections separated from each other by sections in which the methods of earth 
tunneling must be used. 


Statistically by far the major part of the footage of existing rock tunnels has been 
driven under rock tunneling conditions. However, in some regions of geological dis- 
turbances the local occurrence of earth tunnel conditions is probable and in others it 
is certain. In some important tunnels, such as the Mono Craters Tunnel, a large part of 
the tunnel had to be constructed under earth tunneling conditions. Tunnel hazards and 
excess cost of construction are commonly associated with those tunnel sections in which 
earth tunneling conditions prevail. Hence the earth pressure on the earth tunnel sections 
requires at least as much attention as the rock load on typical rock tunnel sections. 


Principal types of loading conditions 


In perfectly or almost perfectly intact rock no support is required unless popping 
is encountered. In stratified or moderately jointed but otherwise intact rock the tunnel 
support serves its purpose if it is able to sustain a moderate rock load. In crushed rock 
the loading conditions are similar to those to be encountered when mining through 
sand; and in zones of rock decomposition they are similar to those in tunnels through 
clay. Tunneling through clay may be very easy or very difficult, depending on the 
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character and degree of compaction of the clay. An equally wide range of conditions 
is encountered when mining through decomposed rock. The behavior of the worst 
types of decomposed rock are indicated by the terms squeezing and swelling rock. 


The transition from solid rock to earth-like rock may be abrupt or gradual. Rock 
intermediate between moderately jointed and crushed rock is commonly called blocky 
and seamy rock. No specific terms are used for rocks intermediate between intact and 
completely decomposed ones. The words discolored for the incipient and crumbly for 
the more advanced stages would be appropriate. 


In the following articles only the most common types of loading conditions will be 
considered, starting with those in intact rock and ending with those in squeezing and 
swelling rock. The description of the loading conditions will be preceded by a discussion 
of the state of stress in rock prior to tunneling, because this state has a decisive 
influence on the reactions of the rocks on the tunneling operations. 


STATE OF STRESS IN ROCK PRIOR TO TUNNELING 


The load on tunnel supports depends more or less on the state of stress in the rock 
prior to tunnel construction. In this connection distinction must be made between 
vertical loads and horizontal pressures. The vertical load on a horizontal section 
through a mass of rock is equal to the weight of the rock located above this section. 
The horizontal unit pressure at the elevation of such a section may range between wide 
limits. In accordance with practice prevailing among tunnel men vertical loads will be 
expressed by the thickness H in feet of rock. The vertical load in pounds per sq. ft. is 
equal to H times the unit weight, w, in pounds per cu. ft. of the rock, or Hw. The 
unit weight of the rock can be determined by a sample test. It ranges between 165 
and 180 lbs. per cubic foot. On the other hand the horizontal pressures p, will be 
expressed in pounds per sq. ft. 


The ratio between the horizontal pressure, p,, and vertical load Hw in a mass of 
rock depends primarily on the geological history of the rock. In an undisturbed mass of 
rock, the horizontal unit pressure at any given point is likely to be considerably smaller 
than the vertical load at the same point. In a folded mass of rock, the horizontal pressure 
depends on whether the horizontal forces which produced the folding have already 
disappeared or whether they are still active. If they have disappeared, the horizontal 
pressures may be as low as in an undisturbed mass of rock. On the other hand, if 
the horizontal forces are still active, the horizontal pressure at any depth can be close 
to the compressive strength of the rock. Since we have no reliable means for deter- 
mining the state of stress in the interior of a mass of rock, the existence of heavy 
horizontal pressure can only be inferred from its visible manifestations, such as 
popping rock at a moderate depth below the surface. 


TUNNELS THROUGH INTACT ROCK 


Stresses at tunnel walls 


By theory it has been shown that the effect of excavating a tunnel through intact 
rock on the state of stress in the rock rapidly decreases with increasing distance from 
the tunnel walls. At the walls the normal stress at right angles to the wall (radial stress) 
is zero and the normal stress acting in a circumferential direction (circumferential stress) 
is roughly equal to twice the stress which acted at the same point prior to tunneling. 
With increasing distance from the tunnel walls the radial stress increases, the circum- 
ferential stress decreases and at a distance equal to about the diameter of the tunnel, 
the state of stress in the rock is practically unaltered. 
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At the walls the state of stress in the rock is similar to that in an unconfined rock 
specimen subject to axial compression in a testing machine. The rock does not fail in 
the tunnel until the circumferential stress becomes equal to the unconfined compressive 
strength of the rock. In rocks which are not acted upon by horizontal forces, such as 
those which lifted up the mountain chains, the circumferential stress does not exceed 
about twice the overburden pressure. On account of this condition and the great 
strength of intact rocks, failure by crushing would not occur in porous sandstone at 
a depth of less than about 5000 ft. The critical depth increases with the increasing 
strength of rock and reaches more than 35,000 ft. for granite and other igneous rocks. 


Popping in tunnels through intact rock 


The term popping rock refers to rock formations from which thin slabs of rock are 
suddenly detached after the rock has been exposed in a quarry or a tunnel. Popping 
normally occurs only in hard rocks in an intact state. In tunnels the slabs are popped 
off either from the sides or from the roof of the tunnel. 
Popping has been encountered only in hard and brittle 
rocks. It has invariably been found that the detached slabs 
do not fit the surface from which they popped. This fact 
indicates that the rock to which the slab was attached is 
in a state of intense elastic deformation. 


Fig. 15 illustrates popping as observed in a drift during 

Drift the construction of the Simplon Tunnel in Switzerland. The 
shaded areas indicates slabs on the verge of popping off, 
whereas the black lines represent the assumed position of 
the cracks which precede the detachment of succeeding 
slabs. 


In some regions the elastic deformations disclosed by 
popping appear to be due to the fact that the horizontal 
Fig. 15—Popping rock pressure which led to the formation of geologically young 
mountain chains is still active. However, in other regions 

it may be due to still unknown causes. 





Whatever the underlying physical causes may be, tunnels in popping rock require 
both temporary and permanent lining, to protect the workmen from flying rock fragments. 


Protection against popping rock 


Fig. 15 shows that the popping is preceded by an inward bending of the slabs. If 
a sufficient counter force is applied at right angles to the slabs to prevent bending, 
the slabs would remain in place and fail, at a higher load, by shear or by crushing. 
The pressure required to prevent the inward bending is very small. Therefore, any 
tunnel lining which is capable of sustaining an external load of about 400 lbs. per sq. 
ft. should suffice to prevent slab fragments from being thrown into the tunnel. Since 
the popping occurs most frequently at the sides of the tunnel, the footings of the ribs 
should be secured against horizontal displacement. 


Commonly the process of popping involves only a breakage of the rock in the 
immediate vicinity of the tunnel walls. But if it initiates a progressive general breakage 
of the rock surrounding the tunnel, the tunnel support should be strong enough to carry 
the load of blocky and seamy rock (see below). In any event the lining should be 
tightly wedged against the walls of the tunnel, or the space between the lining and 
the rock should be back packed. 
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TUNNELS IN UNWEATHERED STRATIFIED ROCKS AND IN SCHISTS 


Sources of weakness 


Almost every stratified rock breaks readily along bedding planes. Therefore the 
bedding planes constitute a source of mechanical weakness. In schists the cleavage 
planes have a similar effect. In addition to these innate mechanical defects, every 
stratified rock and every schist contains at least two sets of joints oriented at approxi- 
mately right angles to the planes mentioned before. These will be referred to as 
transverse joints. 


Bridge action in rocks with horizontal layers 


If the spacing of the transverse joints is 
greater than the width of the tunnel, the 


Pay line 








Fig. 16b Bridge action in rocks with widely Fig. 16 6 Bridge action in rocks with closely 
spaced transverse joints. spaced transverse joints. 


rock layers bridge the tunnel like solid slabs as shown in Fig. 16 a and they are sub- 
ject to bending under their own weight. If the bending stresses are smaller than the 
tensile strength of the rock, the roof is stable without any support, as shown in Figs. 16 b 
and c. Fig. 16 c also illustrates the benefits derived from an arch-shaped roof. The 
sides of the arch constitute corbels which reduce very considerable the free span of 
the roof slabs. 


If the bending stresses in the rock layers above the tunnel exceed the strength of 
the rock, or if layers are weakened by transverse joints, they require support as shown 
in Fig. 17. 


The corbel arch principle has been used in early days for reducing the free span 
of bridges as shown in Fig. 18. Heavy wooden beams, each one longer than the one 
below it, cantilever out from the abutments thereby reducing the free span of the 
bridge to a nominal figure. 
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a) Overbreak if unsupported section is very short. b) Overbreak if unsupported section is long. 


composed of fairly thick 


strata with few joints, the للل ل‎ 
roof will be flat as shown ہل بل‎ [p] | 
in Fig. 14. On the other سوه‎ 0.5 8 
hand if the strata are thin [cr] D maximum 
and weakened by many ee ae ا‎ hE 
pints a peaked roof wll T Ty LL "T 
be formed as indicated in E M 
Fig. 19 c. Yet the breakage رآ ا‎ T MEN 
wil rarely if ever con- ae و‎ 
tinue after the vertical dis- = 


tance between the top of 
a semi-circular payline 
and the top of the over- 
break becomes equal to 


0.5B as indicated in Fig. ۱9 پیب‎ in 
19 c. This condition deter- 

۱ | » B — s horizontally 
mines the maximum value ' ۱ stratified 
which the load on the roof | | . rock. 


support can assume. p ^H 
€) Ultimate overbreak if no support is installed. 
If the tunnel support is constructed and wedged soon after blasting, the friction 
forces on the sides of the rock fragments occupying the space between roof support 


and vault transfer part of the weight of this rock onto the rock located beyond the 
sides of the vault. Hence even the ultimate load, measured in feet of rock, on an 
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adequately constructed and backpacked roof support in closely jointed, horizontally 
stratified rock is likely to be much smaller than the value 0.5 B. On the other hand, if 
large empty spaces are left between the roof support and the roof, blocks will drop out 
of the roof, one by one, whereby the load on the roof support may increase to its 
maximum of 0.5 B. 


In some rocks the spacing of the joints changes considerably from place to place. 
In such rocks the load on a well-wedged tunnel support may vary between zero and a 
maximum somewhat smaller than 0.5 B. 


Overbreak and rock load in tunnels through vertical strata 


In folded masses of rock the dip of the strata may range anywhere between 0? 
and 90°, and the strike may intersect the center line of the tunnel at any angle between 
0? and 90°. In the following discussions it is assumed that the center line of the tunnel 
is parallel to the strike and that the strata are vertical as shown in Fig. 20a. In rock 
with such a structure, the individual strata bridge the space between the heading 


Transverse joints 


ji MEE کس‎ 77 
_ Ig 
» 


b سم‎ 
= 
Fig. 20—Tunnel in vertically stratified rock Supported Blasted 


and the supported part of the tunnel, Fig. 20 b. Hence, if the joints are closely spaced, 
the amount of overbreak depends to a large extent on the distance between the 
working face and the supported roof. 


The mass of rock located above the roof is held merely by the friction along the 
two bedding planes passing through a and b in Fig. 20a. The roof has to carry the 
entire difference between this weight and the total friction forces. If these planes were 
perfectly even, the load on the roof support could be very important. However, in 
nature these surfaces are always more or less uneven. Hence the load on the roof 
rarely exceeds the weight of the rock which has been shattered and loosened by 
blasting. 
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There is no evidence that the upper boundary of the loosened rock is located at 
an elevation of more than about 0.25 B above the crown of the roof support. If no large 
empty spaces are left between the rock and the roof support, no subsequent loosening- 
up of the rock located above the roof can take place. On this assumption it seems safe 
to assume that the load on the crown of the roof support will not exceed 0.25 B ft. of 
rock. 


Overbreak and rock load in tunnels through inclined strata 


Fig. 21 is a section through a tunnel located in the inclined part of a fold whose 
axis is parallel to the center line of the tunnel. On account of the stratification the 
overbreak tends to produce a peaked roof as shown in Figs. 21 and 22. In Fig. 22, 





Fig. 21—Tunnel in rock whose strata are steeply inclined 


illustrating the overbreak in a tunnel through gneiss, the right-hand side of the roof 
coincides with a cleavage plane or plane of foliation and the left-hand side coincides 
with joints. 

If the bedding or cleavage planes rise at a steep angle to the horizontal, a wedge- 
shaped body of rock, a e d in Fig. 23, tends to slide into the tunnel and subjects the 
post at a c to bending. The lateral force, P per unit of length of the tunnel, which acts 
on the post can be estimated as indicated in Fig. 23. The estimate is based on the 
assumption that the rock indicated by the shaded area to the right of c e in Fig. 23a 
has dropped out of the roof and that there is no adhesion between rock and rock 
along d e. On these assumptions the wedge-shaped body of rock a d e is acted upon 
by its weight, W, and the reaction Q on the surface of sliding a d. In order to prevent 
a downward movement of the wedge, the vertical post a c must be able to resist a 
horizontal force P. The reaction Q acts at an angle ø to the normal on the surface of 
sliding a d. The angle ø is the angle of friction between the wedge and its base. 
The weight W is known. The intensity of the forces Q and P can be determined by 
means of the polygon of forces shown in Fig. 23 b. 
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The angle of friction و‎ depends not only on the nature of the surfaces of contact 
at a d but also on the hydrostatic pressure in the water which percolates into the 
space between the two surfaces. Experience with slides in open cuts in stratified rocks 
indicates that the value of ø for stratified rocks with clay or shale partings may be as 
low as 15?. If no such partings are present, 25? seems to be a safe value. 





Fig. 23—Forces acting on 
tunnel support in inclined 
strata 





The highest value for the unit pressure on the roof depends on the slope of the 
strata. For steep strata it will hardly exceed 0.25 B, whereas for gently inclined strata 
it may approach the value 0.5 B. 


TUNNELS THROUGH MODERATELY JOINTED, MASSIVE ROCKS 
Overbreak and rock load 


One set of joints in massive rocks is commonly parallel to the ground surface. 
Overbreak and rock load conditions in such rocks are similar to those in stratified 
rocks. If the joints are oriented at random, absence of a roof support would ultimately 
lead to the formation of a vault-shaped roof as shown in Fig. 24 a. Whatever the orien- 
tation of the joints, the blocks located between joints below the zone of rock weathering 
are so intimately interlocked that they have very little freedom of movement. This is 
demonstrated by the fact that the vertical sides of tunnels through such rocks rarely 
require any lateral support. The roof is the only place in the tunnel where blocks are 
likely to become detached. 


Owing to gradual adjustments in the state of stress in the rock adjoining the tunnel 
the interlocks between blocks may fail long after an unsupported tunnel is finished, 
but it is hardly conceivable that such failures would occur if the rock is tightly 
wedged against a tunnel support. Hence the greatest value which the rock load on 
such a support can assume will be considerably smaller than the weight of the body 
of rock located between the tunnel support and the upper boundary of the potential 
overbreak indicated in Fig. 24 a which is 0.25 B. Hence the actual load on the crown 
may vary between zero and 0.25 B depending on the orientation and spacing of the 
joints. There is no reason for assuming that the load will increase with time, provided 
there are no large empty spaces between support and rock. 
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Popping 


If the rock is in a state of intense elastic deformation, due to tectonic stresses or 
other causes, the connections or interlocks between blocks such as A and B in Fig. 


Overbreak if permanently unsupported 





Fig. 24—Over- 
break and 
popping in 
moderately 

jointed rocks 


24 b and their neighbors, may suddenly snap, whereupon the block is violently thrown 
into the tunnel. If such an incident occurs, it is necessary to provide the tunnel with 
the support prescribed for popping, intact rock (see article on intact rock). 


TUNNELS IN CRUSHED ROCK 


General character of crushed rock 


If a competent rock, such as quartzite or quartzitic sandstone, is subject to intense 
deformation, for instance by shear in a fault zone, it fractures to such an extent that it 
loses the capacity to form an unsupported vault bridging a cave or a tunnel. It may 
even be reduced to powder as if it had passed through a crushing machine. 


` As a tunnel approaches a zone of intense crushing, it passes through rock which 
is more and more intensely jointed and finally it enters a zone in which the rock 
resembles cohesionless sand. Yet, experience shows that even in sand and in 
completely crushed but chemically intact rock, the rock load on the roof support does 
not exceed a small fraction of the weight of the rock located above the roof and if the 
depth of the overburden is greater than about 1.5 times the combined width and height 





e 


of the tunnel, the rock load is practically independent of depth. The cause of this ' 


phenomenon is commonly known as arch action. 


Arch action in crushed rock 


The term arch action indicates the capacity of the rock located above the roof of 
a tunnel to transfer the major part of the total weight of the overburden onto the rock 
located on both sides of the tunnel. The body of rock which transfers the load will 
briefly be referred to as the ground arch. 


In order to investigate the cause of arch action and the laws which determine the 
rock load on the roof support, numerous model tests have been made with perfectly 
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cohesionless sand. A detailed description of these tests will be presented in a companion 
volume on "Earth Tunneling with Steel Support." The test results led to the following 
conclusions regarding the prerequisites for arch action and the factors which deter- 
mine the load on the roof support in tunnels through crushed rock and cohesionless 
sand located above the water table. 


(a) The arch action is the inevitable consequence of the local stress relaxation 
produced by mining operations. The mechanics of the arch action are illustrated by 
Fig. 25. In this figures the ground arch is represented by the shaded area a c d b. The 
ground arch has a width B,. While the tunnel is being excavated and the support in- 
stalled, the mass of crushed rock or cohesionless sand constituting the ground arch 


Surface 





(Zone of 
arching! 





Fig. 25—Ground arch = B 5 


tends to move into the tunnel. This movement is resisted by the friction along the 
lateral boundaries a c and b d of this mass. The friction forces transfer the major 
part of the weight of the overburden, with height H onto the material located on both 
sides of the tunnel and the roof support carries only the balance, equivalent to a 
height H,. 


(b) The thickness D of the ground arch is roughly equal to 1.5 B,. Above the 
ground arch the pressure conditions in the rock remain practically unaffected by the 
tunnel operations. 


60 


Google 


(c) A very small downward movement of the crown of the ground arch suffices 
to reduce the rock load on the support of the intrados of the arch to a value Hp min: 
which is very much smaller than the thickness D of the ground arch. If the crown of 
the ground arch is allowed to subside still more, the rock load on the roof support again 
increases and approaches a value H, ےم‎ which, however, is also much smaller than D. 


(d) After the roof support is installed and tightly backpacked, the rock lead in- 
creases at a decreasing rate by about fifteen percent from H, to H, ur. 
Hy ur = 1.15 H, (1) 
(e) As the depth of the overburden on a tunnel with a given cross-section increases 
from zero, the roof load increases as indicated by curve C in Fig. 26. With increasing 
depth H the rock load approaches a value H, which is independent of depth. 


. (f) The value H, in Fig. 26 increases approximately in direct proportion to the 


width B, of the ground arch, Fig. 25, everything else being equal. This relation can be 
expressed by the equation 


0.15 H, 


H, = C x B, (2) H 
wherein C is a constant. The | | | | 
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The rock load H, is represented in Fig. 27 by the rectangle e f f, e,. The balance 
of the weight of the overburden is carried by the ground arch. The weight of the middle 
part c d d, c, is transferred by the ribs of the tunnel support to the floor of the tunnel. 
The weight of the outer part acts as a surcharge on the top of the wedge-shaped bodies 
which tend to slide into the tunnel and increase the horizontal pressure exerted by 
these bodies. 


Sand surface 
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The rock load H, is determined by eq. (2. According to the text accompanying 
this equation, the value of the constant C depends on the degree of compactness of 
the materials in which the tunnel is located and on the distance d through which the 
crown of the ground arch yielded before the support was installed. The distance d is 
not known and it can hardly be determined by practicable means. At a given width 
B of the tunnel it depends to a large extent on the skill of the miners and on the care 
with which the tunnel support is backpacked. The following numerical values are er- 
clusively based on the results of the model tests with dry sand. Nevertheless it is 
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believed that they furnish fairly accurate information concerning the influence of the 
degree of compactness of the crushed rock and of the amount of yield associated 
with the mining operations on the intensity of the rock load. 


Dense sand H, mın = 0.27 (B-- H) for yield of 0.01 (B + Hj) (4) 
H, maz— 0.60 (B-- HJ for yield of 0.15 (B + Hj) or more (5) 
Loose sand H, mın = 0.47 (B + Hi) for yield of 0.02 (B + H.) (6) 
H, maz— 0.60 (B-- HJ) for yield of 0.15 (B + H,) or more (5) 


The sand pressure on the sides of the tunnel support can be estimated by means 
of the earth pressure theory. In this way, it was found that the average unit pressure 
Pa on these sides is roughly equal to 


Pa = 0.30 w (0.5H, + Hj) (7) 
in which w is the weight per cu. ft. of the sand. 


After the tunnel support is installed and backpacked, both the rock load and the 
side pressure gradually increase by about 15 percent, regardless of the initia] value 
of Hp. | 


Experience shows that the roof load in tunnels through crushed rock and sand 
above the water table is commonly much closer to the minimum than to the maximum 
values determined by the preceding equations. This fact indicates that the slight 
movement of the rock towards the tunnel, induced by the mining operations, fully 
satisfies the deformation condition for arching. Since a yield of the rock beyond the 
minimum required to produce arch action causes an increase of the load on the roof, 
the tunnel support should be as quickly and tightly backpacked as conditions permit. 


Effect of seepage on arch action in sand and crushed rock 


If a tunnel through sand or crushed rock is located below the water table the 
tunnel acts like a sub-surface drain and the water percolates through the voids or 
interstices of the surrounding material towards the tunnel. The effect of the percolating 
water on the arch action was investigated by means of model tests similar to those 
referred to under the preceding subheading. The sand located above the model of the 
tunnel roof was flooded. The tunnel roof was perforated and the water which percolated 
through the roof was continuously replaced. By measuring the pressure on the tunnel 
roof corresponding to different amounts of subsidence of the crown of the ground 
arch located above the roof it was found that the flow of water does not interfere with 
the arching action. But the load exerted by the percolating water roughly doubles the 
height H, of the layer of sand whose weight exerts load on the roof. 


Effect of seepage on bearing capacity of rib footings 


If a tunnel through sand is located below the water table, the water percolates 
towards the tunnel as shown in Fig. 28 a. Part of the seepage percolates through the 
sand in an upward direction and enters the tunnel through the floor. In order to inves- 
tigate the influence of such a flow on the stability of the floor and its capacity to 
sustain the load transferred through the posts onto the footings the experiment illus- 
trated by Fig. 28 b was made. A layer of sand with thickness H was placed on a sieve 
located above the bottom of cylindrical vessel. Water entered the vessel from below 
at a, percolated through the sand in an upward direction and left the vessel at b. The 
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Fig. 28—Effect of seepage on tunnel floor in rock crushed to sand 


a). Diagram showing flow of water from waterbearing sand into tunnel with permeable 
lagging. The seepage towards the floor reduces bearing capacity of sand. 


b). Apparatus for demonstrating effect of rising current of seepage on bearing 
capacity of sand. As the head of water h approaches the depth of sand H, the weight w 
settles perceptibly indicating a loss of bearing value. When h becomes approximately equal 
to H, the weight sinks through the sand to the bottom of the sand layer. 


loss of head h associated with the flow of water through the sand was measured by 
means of a piezometric tube. The ratio i— h/H is known as hydraulic gradient. 


While the hydraulic gradient increased from zero towards unity, the structure of 
the sand remained practically unchanged. However, it was observed that the settlement 
of the weight w which rested on the sand increased perceptibly, indicating a decrease 
of the bearing capacity of the sand. As soon as the hydraulic gradient became approx- 
imately equal to unity, the sand started to boil and the weight disappeared in the sand 
as if the sand had turned into a liquid. The exact value of the hydraulic gradient at 
which this event takes place is equal to the ratio between the submerged unit weight 
of the sand and the unit weight of the water!. 


The hydraulic gradient at which the water enters a tunnel through the floor is 
commonly somewhat smaller than unity. Nevertheless, it is important enough to reduce 


1. Karl Terzaghi, Erdbaumechanik, Vienna, 1925. 
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the bearing capacity of the sand at the floor to a small fraction of the bearing capacity 
of the same sand in a drained state. Hence in tunnels through cohesionless crushed 
rock the support of the footings of the ribs is rather difficult. Furthermore the working 
face in a tunnel through such material requires tight breasting. Only a small part of 
the face can be exposed at a time. Hence, mining must be carried out in small pockets. 
In other words, rock tunneling methods must be supplanted by the methods which 
are used when tunneling through waterbearing sand. Fortunately, crushed rock with 
such character is rather rare. 


TUNNELS IN BLOCKY AND SEAMY ROCK 


Character of rock 


The term blocky and seamy rock indicates a rock in which the blocks located 
between joints are neither interconnected nor intimately interlocked. This condition is 
encountered in both closely jointed and badly broken rock. The joints may be narrow 
or wide, empty or filled with the products of rock weathering. Such a rock has 
essentially the character of a dense sand with very large grains and little or no 
cohesion. If the joints are oriented at random, the roof load is likely to be associated 
with a horizontal pressure on the sides of the tunnel support. 


Relation between rock load, cross-section and depth of tunnel 


On account of the absence of cross connections and intimate interlocking between 
adjoining blocks, the intensity of the load on the roof of the tunnel is determined by 
laws similar to those disclosed by the arching experiments with sand. According to 
these laws (see Eqs. 4 to 6), the load H, on the roof support in tunnels at a considerable 
depth is independent of depth and increases in direct proportion to the sum of width 
B and height H, of the tunnel. Hence if H,,, is the load on the roof of a tunnel with a 
width and height of 10 ft., the corresponding load on the roof of a tunnel with any 
width B feet and any height H, feet through the same rock is: 


B + H. 
H, — سج و‎ id 


Empirical values for H,,, will be given below. 


Dome action 


The arch action described in the preceding article takes place when the rock 
located above the roof is supported only on two sides. In the immediate vicinity of the 
working face the rock is supported on three sides, by the rock adjoining the two 
sides of the tunnel and by the rock adjoining the working face. Hence in this part of 
the tunnel the weight of the overburden is carried not by an arch but by a half dome. 
A half dome can carry a heavier load than an arch with the same span. Therefore 
in the immediate vicinity of the working face the load on the tunnel support will be 
somewhat lower than at greater distances from the face. 


The transition from half-dome to arch is indicated in Fig. 29a. This figure repre- 
sents a vertical section through the center line of a tunnel. The length 1, is the length 
of tunnel blasted out per round. Immediately above the working face the overburden 
is carried by a half-dome, whereas at a greater distance it is carried by an arch. 


Time effects and the bridge-action period 


Experience shows that a mass of blocky or seamy rock does not commonly react 
at once to the change of stress produced by excavating a tunnel. The blast creates an 
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Fig. 29—Relation between time, overbreak and rock load in blocky and seamy rock. 


Abscissas represent time in excavating cycles. Ordinates of dash lines indicate height H of overbreak in a 
given tunnel profile if mining is discontinued and no support is installed. The rock drops out of the roof in 
increasing installments and finally the heading caves in. Ordinates of full lines represent rock load H, in feet 
in given profile if mining is continued and supports are installed as mining proceeds. 
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unsupported section of roof located between the new face and the last rib of the 
tunnel support. As soon as the natural roof support of this section is removed by 
blasting, some blocks drop out of the roof, leaving a small gap in the half-dome. If 
the newly exposed roof section is left without support, some more blocks drop out 
after a while, thus widening the gap and compromising the stability of the half-dome 
still more. Finally the entire mass of rock constituting the half-dome drops into the 
tunnel and a new half-dome is formed above the space previously occupied by its 
predecessor. The new half-dome also starts to disintegrate and the process continues 
until the tunnel section adjoining the working face is filled with rock debris. 


The rate at which the progressive deterioration or raveling of the half-dome takes 
place depends on the shape and size of the blocks between joints, on the width of the 
joints, on the matrix which occupies the joints and, last but not least, on the distance 
l between the new working face and the last support. The delays in the process of 
deterioration can be due to a viscous resistance of the joint-filling against rapid 
slippage along joints or to the progressive failure of interlocks between blocks or to 
both. Before the rock falls assume the character of a general breakdown of the half- 
dome, the blocky rock bridges the gap between the working face and the last support. 
Hence the time which elapses between firing the shots and the breakdown of the 
equilibrium of the half-dome will be designated as bridge-action period t, of the rock. 
The value of t, determines both the inevitable overbreak and the method for mining 
through the rock. The method of mining must be so chosen that the support is installed 
before the bridge-action period expires. 


Practical importance of bridge-action period 


Fig. 29 b illustrates the practical importance of the bridge-action period. In this 
figure the abscissas represent the time and the ordinates the vertical distances H 
between the crown of the pay line and the top of the overbreak. Time zero corresponds 
to the time when the shots were fired and H, is the height of the overbreak immediately 
after the shots were fired. If excavation is discontinued at that stage and the roof 
between the new working face and the end of the supported section of the tunnel is 
left unsupported indefinitely the rock will drop out of the roof in installments of 
increasing magnitude, as indicated by the stepped-up dash line. Between two suc- 
cessive rock falls indicated by steps, the roof descends imperceptibly, but it descends. 
The bridge action period t, is equal to the time between firing the shot and the time 
when the first installment of rock drops out of the roof without provocation. 


Effect of back-packing on rock load 


Even if an adequate tunnel support is constructed, back packed and wedged in the 
freshly excavated section before the bridge-action period expires, the rock load on 
the roof support will increase for two reasons. First of all, as the working face advances 
beyond a given point, the half-dome action is superseded at that point by arch action. 
Second, backpacking and wedging of the support does not stop the movements of ad- 
justment in the rock above the roof. Before the roof support was installed and wedged, 
all the joints in the rock above the roof opened up to some extent. This process is 
associated with a slight downward movement of the roof. The initial load on the roof 
support is equal to the force required to stop the downward movement of the lower 
boundary of the entire mass of blocks. However, the blocks themselves continue to 
change their position. The joints in the rock immediately above the roof become 
slightly narrower, whereas those at higher elevations open up. During this process the 
load on the roof support increases and it does not become constant until the move- 
ments have ceased. 
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The total increase of the load on the roof, and the time which elapses until the 
load becomes practically constant, depends to a large extent on the thoroughness with 
which the tunnel support is back-packed and wedged. 1۶ this is done with care, the 
ultimate load H, may develop within a week after the support was constructed. This 
is indicated by curve C, in Fig. 29 b. The ordinates of this curve represent the load 
on the roof. 


On the other hand, if the tunnel support was carelessly back-packed and inade- 
quately wedged, the initial load on the support is likely to be smaller than that on 
the well-wedged support. However, the load will increase for many weeks, as indicated 
by curve C, in Fig. 29 b, and the ultimate load H’, رن‎ will be higher than H, , because 
the yield of the rock towards the tunnel is associated with the progressive disintegration 
of the structure of the rock located within the ground arch. 


Effect of span on bridge-action period 


The bridge-action period for a given material increases rapidly with decreasing 
distance between supports. Thus for instance a very fine, moist and dense sand can 
bridge a space one foot wide for several hours. Yet the same sand would almost 
instantaneously drop through a gap between supports with a width of five feet. The 
shortest distance l2 ہہ‎ to which the span between the last set of roof supports and the 
face can be reduced is somewhat greater than the length 1, of the tunnel section which 
is taken out by one round. This distance averages six-tenths of the width of the tunnel 
or drift. It varies considerably with the nature of the rock and seldom exceeds 15 ft. 
However, in moderately jointed rock it is commonly advantageous to erect the roof 
support at some distance l, from the working face. Hence if rock conditions deteriorate 
to such a degree that the bridge-action period t, threatens to become shorter tham the 
duration t, of one excavation cycle, the support should be carried closer to the work- 
ing face, or, if necessary, even tight to the face involving 1, — 0. 


The influence of the bridge-action period on the sequence of operations is 
illustrated by Fig. 30. This figure shows the duration of the individual cycle. If the 
bridge-action period is only slightly longer than the time t, for ventilating, important 
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overbreak is inevitable. If it is between t, and t, representing the time to the end of the 
support erection operation, excessive overbreak can be avoided with the assistance of 
crown bars or by driving a top heading so that support can be installed before 
mucking is complete, or both. Finally if it is as long or longer than t, , no special 
precautions are required. 


The bridge-action period for cohesionless sand or of badly broken rock without 
cementing material is almost zero. Hence if a tunnel passes abruptly from fairly sound 
rock into such materials, excessive overbreak at the point of transition is almost inevit- 
able. The following incidents illustrate this statement. The tunnel shown in Fig. 11 
approached a wide seam filled with sand or completely crushed rock, and water. 
As soon as the rock partition between the tunnel and the seam was removed by 
blasting, water and sand flowed into the tunnel as shown in the illustration. In a 
tunnel near Philippeville in Algeria a zone of blocky and seamy quartzitic schist was 
encountered. The bridge-action period of this material was so short that about 60 cubic 
yards dropped out of the roof, leaving a dome with a height of about 30 feet above the 


pay line. 


Roof load 


No definite boundary can be established between moderately jointed and blocky 
and seamy rock. As a consequence the roof load may have any value between the 
upper limiting value for moderately jointed rock, which is 0.25B, and the upper 
limiting value for very blocky and shattered rock, which is many times higher. The 
transition from one extreme to the other is gradual in some places, abrupt in others. For 
the sake of convenience, two degrees of blockiness will be distinguished. The first will 
be referred to as moderately blocky and the second one as very blocky and shattered 
rock. 


Our knowledge of the intensity of rock loads on tunnel supports is derived chiefly 
from the results of tests which were carried out in various railroad tunnels in the 
eastern Alps. In these tests wooden blocks with known strength were inserted between 
the individual members of timber sets and the load H, on the timbering was estimated 
from the visible manifestations of the progressive failure of the blocks. On the basis 
of the results of such observations the following conclusions have been reached 
regarding the values of و روا‎ for the rock loads on tunnel supports in moderately and 
very blocky rock. In wet tunnels through moderately blocky rock, the initia] value of 
H,;o may be zero, and it increases to not more than about 7 ft. of rock. In wet tunnels 
through very blocky and shattered rock, the initial value of H,,, (load after one or 
two days) may be as high as 12 ft., and it may increase to a final value of as much 
as 21 ft. By introducing these values of H,,, into Eq. 8, we obtain for the roof load 
the values contained in Table 1. 


TABLE 1 
Rock Loads (in feet) in Blocky and Seamy Rock 
Initia] value Ultimate value 


Moderately blocky rock H, — zero H, uit — 0.25 B 
to 0.35 (B+-H,) (9) 
Very blocky and shattered rock H, — zero H, uit = 0.35 (B+H,) 
to 0.60 (B--H) to 1.10 (B+H,) (10) 


In dry tunnels the values of H, can be very much lower than in wet tunnels. 
However, during spring thaws and during long wet spells, every tunnel which is not 
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The total increase of the load on the roof, and the time which elapses until the 
load becomes practically constant, depends to a large extent on the thoroughness with 
which the tunnel support is back-packed and wedged. If this is done with care, the 
ultimate load H, may develop within a week after the support was constructed. This 
is indicated by curve C, in Fig. 29 b. The ordinates of this curve represent the load 
on the roof. 


On the other hand, if the tunnel support was carelessly back-packed and inade- 
quately wedged, the initial load on the support is likely to be smaller than that on 
the well-wedged support. However, the load will increase for many weeks, as indicated 
by curve C, in Fig. 29 b, and the ultimate load H’, ut will be higher than H, ہیں‎ because 
the yield of the rock towards the tunnel is associated with the progressive disintegration 
of the structure of the rock located within the ground arch. 


Effect of span on bridge-action period 


The bridge-action period for a given material increases rapidly with decreasing 
distance between supports. Thus for instance a very fine, moist and dense sand can 
bridge a space one foot wide for several hours. Yet the same sand would almost 
instantaneously drop through a gap between supports with a width of five feet. The 
shortest distance lo mı, to which the span between the last set of roof supports and the 
face can be reduced is somewhat greater than the length 1, of the tunnel section which 
is taken out by one round. This distance averages six-tenths of the width of the tunnel 
or drift. It varies considerably with the nature of the rock and seldom exceeds 15 ft. 
However, in moderately jointed rock it is commonly advantageous to erect the roof 
support at some distance l, from the working face. Hence if rock conditions deteriorate 
to such a degree that the bridge-action period t, threatens to become shorter than the 
duration t, of one excavation cycle, the support should be carried closer to the work- 
ing face, or, if necessary, even tight to the face involving 1, — 0. 


The influence of the bridge-action period on the sequence of operations is 
illustrated by Fig. 30. This figure shows the duration of the individual cycle. If the 
bridge-action period is only slightly longer than the time t, for ventilating, important 
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located beneath a city with paved streets is likely to be wet. Therefore, it is advisable 
to disregard dry conditions. 


In connection with roof load estimates, blocky and seamy rock may be considered 
as a crushed rock with very large grain and low porosity. Therefore, it is interesting 
to compare the preceding equations with those obtained on the basis of the result of 
the laboratory tests with sand, equations 4 to 6. Both sets of equations are assembled 
in Table 2. 


TABLE 2 
Comparison Between Rock Load (in feet) in Sand and in Blocky and Seamy Rock 
M ial Above water table Below water table! 
ateria H, min Bi max H, min H, max 


Dense sand? Initial 0.27 (B+ H) 0.60 (B+H,) 0.54 (B+ H) 1.20 (B + HJ 
Ultimate 0.31 (B+ H) 0.69 (B+ H) 0.62 (B+H,) 1.38 (B+ HJ) 


Loose sand? Initial 0.47 (B-- Hj) 0.60 (B 1 Hj) 0.94 (B+ H) 1.20 (B + HJ 
Ultimate 0.54 (B+ H) 0.69 (B+H,) 1.08 (B+ H) 1.38 (B+ Ho) 


Moderately blocky? H, in = 0 increasing up toH, ut = 0.35 (B + Hj) 
Very blocky and shattered H, ور‎ = .60 (B + Hj) increasing up to H, ut = 1.10 (B + H) 
1. Values are roughly equal to twice those for dry sand. 


2. Values computed on basis of laboratory tests. 
3. Values computed on the basis of the results of observations in railroad tunnels. 


The values for rock tunnels given in Table 2 were obtained from observations in 
tunnels below the water table. Therefore they should be compared with those for 
cohesionless sand below the water table. The table shows that the ultimate rock load 
in feet of rock in moderately blocky and seamy rock is considerably lower than the 
ultimate minimum value for dense sand whereas the corresponding value for very 
blocky and shattered rock is roughly equal to the ultimate minimum value for loose 
sand. These data demonstrate that the inevitable yield of the rock towards the tunnel, 
prior to wedging and backpacking, is important enough to develop the arch action to 
the fullest extent. Any yield in excess of this amount, due to careless mining or 
inadequate backpacking would probably increase the ultimate rock load. According to 
the table, the initial rock load on the roof support in blocky and seamy rock is very 
much smaller than in sand, everything else being equal, but the ultimate rock load is 
of the same order of magnitude. 


Roof pressure in tunnels above the water table 


If the joints in a blocky and seamy rock do not contain clay, the pressure of the 
rock on the tunnel support may be as high as one-half of the pressure exerted by the 
same rock on the same tunnel at a considerable depth below the water table. On the 
other hand, if the joints are partially or entirely filled with clay, a nominal support 
may be sufficient to hold up the roof during the dry season because in a dried-out 
state the clay acts as a cementing material. However, during long wet spells the 
clay ceases to act as an effective binder whereupon the pressure on the tunnel support 
becomes as heavy as if the joints were lubricated. 


Owing to this cause, several large tunnels, (including the Stapleton Tunnel in Eng- 
land and The Altenbeker Tunnel in Germany) which were mined and timbered during 
the dry season, caved in soon after the autumn rains started. Hence if it is not certain 
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that the rock located above the tunnel will remain practically dry throughout the year, it 
is advisable to design the tunnel support on the basis of the values obtained by means 
of Eqs. 9 and 10, regardless of the appearance of the rock during mining operations. 


EARTH PRESSURE PHENOMENA IN DECOMPOSED ROCK AND IN CLAY 
Relationship between decomposed rock and clay 


Chemical alteration changes many rocks including all igneous rocks and most 
shales and schists into clay. Some rocks may be converted entirely into clay whereas 
in others the transformation is limited to some of the mineral constituents. Alteration 
may take place throughout the entire mass or only along fissures. In any event the 
properties of the altered rock are entirely different from those of the original rock and 
are commonly similar to or even identical with, those of clay. 


Since large bodies of chemically altered rock are not uncommon, some tunnels are 
located partly or entirely in such rock. A knowledge of tunneling conditions in altered 
rock is therefore of greatest importance to the tunnel engineer. 


The processes of excavating and of installing a tunnel support induce arching in 
decomposed rock as they do in blocky and seamy or in crushed rock. In other words, 
the ultimate rock load is commonly much smaller than the weight of the overburden. 
However, the development of the ground arch in decomposed rock is associated with 
and followed by phenomena which are wholly absent in tunnels through shattered or 
crushed, but chemically intact, rock. The bridge-action period in decomposed rock is 
very much longer than in crushed rocks. Therefore breasting is rarely necessary in 
decomposed rock. On the other hand, the rock load on the tunnel support is likely to 
increase, in the course of weeks or even months, to a value which is many times 
higher than the initial one. Very similar phenomena are encountered when tunneling 
through sedimentary clay. As a matter of fact, tunneling conditions in decomposed 
rock are so similar to those in clay that the methods for tunneling through clay can 
be used without any modification on tunnel jobs in decomposed rock. 


The striking resemblance between tunneling conditions in decomposed rock and in 
clay is due to the low permeability, the high compressibility and other peculiar prop- 
erties of clayey materials in general. In order to be able to grasp the practical 
implications of the clay content of decomposed rock and to take full advantage of clay 
tunneling experience when tunneling through altered rock, the engineer must be familiar 
with the significant properties of clay in general. The following paragraphs contain a 
summary of our present knowledge of clays and of clay behavior on tunnel jobs. 


Difference between sand and clay 


Both sand and clay constitute aggregates of mineral particles which can be 
separated from each other by agitating the aggregate with water. The difference 
between the two materials resides chiefly in the size and shape of the particles. 


The term sand is commonly applied to aggregates of more or less equi-dimensional 
grains greater than 0.05 mm. or about 1/500-inch, whereas clay owes its peculiar prop- 
erties to what are known as clay minerals with a grain-size of less than 0.002 mm. or 
about 1/12500-inch. 


Clay minerals are subdivided into three groups, the Kaolin, Illite and Montmorillonite 
group. Most of the clay constituents have the appearance of minute mica flakes, but 
their physical properties are very different. Two sands with equal grain-size are very 
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similar to each other, whereas two clay fractions with equal grain-size may have very 
little in common. The worst troublemakers among the clay minerals are the members of 
the Montmorillonite group, because the presence of a high percentage of these minerals 
in a clay is commonly associated with an excessive swelling tendency. 


In a finely subdivided state the micaceous constituents of many rocks, such as 
chlorite-, sericite- and mica-schists and various shales, possess all the properties of real 
clays. Hence if a rock containing a high percentage of such minerals is completely 
crushed, for instance along the walls of a fault, it acquires even in a chemically unal- 
tered state the physical properties of a clay soil. 


In connection with tunneling, the most important physical properties of clay are 
the swelling associated with the removal of a pressure, the relation between pressure 
and shearing resistance, and the rate at which the clay reacts to a change in the 
stress conditions. 
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Swelling due to load removal 


The effect of a load reduction or removal on the water content of a clay can be 
investigated by means of the consolidation apparatus shown in Fig. 31 a. It consists 
of a low, cylindrical vessel and a loading device. The bottom of the vessel is covered 
with a porous stone. The voids of the stone are filled with water which communicates 
with the water contained in a short, open piece of pipe. In order to get information on 
the swelling properties of a clay at a given depth below the surface, an undisturbed 
sample of the clay is secured at that depth. It is trimmed, introduced into the container 
of the consolidation apparatus and charged with a unit load q equal to the overburden 
pressure per unit of area. After its water content has become constant, the load is 
removed by increments. After each load removal the clay swells at a decreasing 
rate as shown in Fig. 31 b. In this figure the abscissas represent time and the ordinates 
the corresponding void ratio. The void ratio is equal to the volume of the water divided 
by the volume of the solid matter. Since the increase of the volume of the clay is 
exclusively due to the increase of its water content, the increase of the ordinates in 
Fig. 31 b also represents the increase of the volume of the clay due to swelling. The 
time which elapses until the clay practically ceases to swell depends on the permea- 
bility of the clay, everything else being equal. The reason for this relationship will be 
explained below. 


After the swelling due to the removal of a load increment has ceased, the void 
ratio is determined, and the next load increment is removed. By plotting these void 
ratios against the unit load under which the clay expanded, a curve similar to the 
swelling curves C, to Cs, Fig. 3l c is obtained. Curve C, represents a greenish, cal- 
careous clay from the Atlantic coast of the United States. Curve C, shows the results 
of tests on a clay sample from a subway tunnel in Chicago, and C, those of tests on 
an energetically swelling clay encountered in the construction of a subway tunnel in 
the suburbs of Paris, France. For comparison the swelling curve C, for an ordinary 
sand has been added. 


For any given material, sand or clay, the increase of the void ratio due to the 
removal of a load increases with the intensity of the load under which the clay had 
previously been consolidated. Part of the excessive swelling of the clay represented by 
curve C4 was due to the fact that this clay has been consolidated under the influence 
of a pressure far in excess of the present overburden pressure and part of it to a high 
Montmorillonite content. 


When excavating a tunnel through clay, the clay adjoining the tunnel walls passes 
through the same process as that represented by the curves C, to C, in Fig. 31 c. 
The water required to produce the swelling is drawn out of the clay located at a 
greater distance from the tunnel. It is associated with a softening-up of the clay at 
the tunnel walls. 


It has often been claimed that the softening and swelling of stiff clays in tunnels is 
due to the contact of the clay with the moist atmosphere in the tunnel. The following 
observations show that this opinion is unjustified. 


In the tunnel through the clay represented by curve C, in Fig. 31 c it was found 
that the average water content of the clay adjoining the walls of the tunnel increased 
within about two weeks from an average of 56 per cent to more than 100 per cent of 
dry weight. The increase of the water content was associated with a heavy swelling 
pressure sufficient to crush the timbering. It was claimed that the water came out of 
the air in the tunnel. In order to find whether this explanation was correct, a sample 
of clay was taken at the heading, placed in a dish and exposed to the atmosphere in 
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Unit shear resistance 





the tunnel. In a few days the sample was dry. Hence it was obvious that the water 
which entered the clay adjoining the walls did not come out of the air but out of 
the clay located beyond the zone of swelling. As a matter of fact, subsequent hori- 
zontal borings and water content determinations showed that the water content of the 
clay at a distance of more than about 15 ft. from the tunnel was well below the 
average water content of the clay prior to construction. 


Relation between pressure and shearing resistance 


The relation between pressure and shearing resistance for particle aggregates 
such as sand or clay is commonly investigated by means of the shear box apparatus 
shown in Fig. 32a. The sample is introduced into a square box. Its top surface is 
covered with a plate and loaded. The bottom of the box is covered with a porous stone. 
The voids of the stone communicate with a short, open pipe. 


The lower part of the box is stationary, whereas the upper one can be pulled in 
a horizontal direction. Pulling the top part ultimately produces a shear failure in the 
sample along the plane located between the lower and upper part of the frame. 


Fig. 32 b represents the results of shear tests on a sample of sand. The abscissas 
represent the unit load on the sample and the ordinates, the shearing force per unit of 
area of the shear plane at the instant of failure. At any given unit load q the corre- 
sponding unit shearing resistance s is equal to q tang. The angle @ is known as 
angle of internal friction. The value of ø for sand is practically independent of whether 
or not the test load was preceded by a higher one. It is also practically independent 
of the rate at which the shearing force is applied. For a given sand the value ø in- 
creases considerably with increasing density. It ranges for sands in a loose state 
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between 30? and 34? and in a dense state between 35? and 46?. Quite exceptionally 
values as low as 28? have been obtained for loose sand and values of more than 46? 
for dense ones. 


Fig. 32c represents the results of shear tests on a clay which was introduced into 
the shear box in a very soft and completely saturated state. In contrast to sand, clay 
is very compressible and an increase of the load is associated with a considerable 
decrease of the water content. The specimen is loaded and the shear test is made after 
all the excess water has drained out of the clay through the voids of the porous stone 
on the bottom of the shear box, Fig. 32a. On account of the low permeability of the 
clay the process of drainage requires from several hours to several days. 


While the shearing force is applied the water content of the clay further decreases 
very considerably. In order to provide for this supplementary drainage the shearing 
force must be increased very slowly. Such a test is called a slow shear test. The 
results of a series of slow shear tests are represented by the straight line C, in 
Fig. 32 c. It rises from the origin at an angle g, to the horizontal. The angle ø, ranges 
between 28? and 30°, exceptionally as low as 20°. 


If the shearing force is so rapidly applied that the water content of the clay 
remains practically unchanged, the line C4 is obtained. Since the rapid application of 
the shearing force is preceded by a complete consolidation of the clay under the 
vertical load, tests of this type are known as consolidated-quick shear tests. The slope 
angle %« of the consolidated-quick shear line C4 is always very much smaller than 
the "slow" value ø, for the same clay. It ranges between 14° and 20? and is excep- 
tionally as low as 12°. 


Cohesion of clays 


The tests illustrated by Fig. 32 c were made on a clay which was very soft to start 
with. The cohesion of clay in such a state is negligible. Therefore the load-shear lines 
pass through the origin. The relation between load and shearing resistance repre- 
sented by these lines differs from the corresponding relation for sand, Fig. 32 b, only 
inasmuch as the slope angle of the load-shear lines is smaller and the resistance 
against shear develops very gradually. 


In contrast to soft clay on which the shear tests were made, clay specimens cut 
out of natural clay strata commonly possess many of the properties of solid, somewhat 
brittle materials. The strength of such clays is measured by the greatest unit load 
which unconfined cylindrical specimens of the clay cam sustain. This unit load will be 
referred to as unconfined compressive strength, q,. The following are representative 
values: 


Very Soft Soft Medium Stiff Very Stiff Hard 
q, (Tons per sq. ft.) 0.25 0.25-0.5 0.5-1.0 1.0-2.0 2.0-40 4.0 


The shearing resistance of the clay in an unconfined state is commonly known as 
cohesion, c. It is roughly equal to one-half of the unconfined compressive strength qu. 


By kneading and mixing a stiff clay with a sufficient quantity of water it can be 
transformed into a soft clay similar to the one to which the diagram Fig. 32c refers. 
Thus the cohesion of the clay becomes negligible. However, by squeezing the water 
out of the clay again, the major part of its original cohesion can be recovered. 
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Squeeze and rate of softening 


The process of excavating a tunnel in clay is associated with a decrease of the 
pressure in the clay adjoining the heading. The greatest drop in pressure takes place 
in the direction towards the heading. Therefore the clay slowly advances towards 
the heading from top, sides and bottom. If mining is discontinued the working face 
slowly advances into the tunnel unless it is bulkheaded. This process is known as 
squeeze. 


The decrease of the pressure in the clay is associated with at least a small increase 
of the water content and a decrease of the shearing resistance. Both processes com- 
bined produce the impression that the clay becomes softer. 


Since any change of the water content of a clay proceeds very slowly, even a 
sudden removal of the pressure on a clay produces no more than a slow decrease of 
the shearing resistance of the clay as shown in Fig. 32d. In this figure the abscissas 
represent the time and the ordinates the unit shearing resistance at different times 
after the load on the clay was suddenly removed. For a few hours or even a few days 
the shearing resistance seems to remain almost unchanged. Then it decreases quite 
rapidly, continues to decrease at a lessening rate and finally approaches a constant 
value c which represents the ultimate cohesion. 


Mechanics of time effects in clay 


In the preceding paragraphs it was demonstrated on the basis of test results that 
the effects of a change of pressure on the water content and the shearing resistance of 
clay takes place very slowly. An investigation of the causes of the observed phenomena 
has shown that the time lags are chiefly due to the high compressibility of the clays 
combined with their low permeability. The quantity of water which drains out of a 
porous body with given dimensions after the application of a given load depends only 
on the compressibility of the material. On the other hand the time it takes until most of 
the water is squeezed out depends on the permeability. The lower the permeability the 
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more time is required for this process. The same statement applies to the rate of 
increase of the water content due to the reduction of a load. 


Dome action and rate of squeeze in clay tunnels 


Fig. 33 is a vertical section through the unsupported part of a tunnel through clay. 
The fact that the roof does not need any support indicates that the entire weight W of 
the clay is transferred by half-dome action onto the clay located at some distance 
from the heading. The weight transfer requires that the sum of the shearing forces 
S, plus S, plus S, on vertical sections through the sides and face of the heading be 
equal to the weight W. 


On account of the physical properties of clay described above, the rapid change 
in stress in the clay due to the excavation of the heading is followed by slow move- 
ments associated with a gradual increase of the water content of the clay adjoining 
the tunnel walls. All these movements take place in the directions of least resistance, 
all of which are directed towards the heading. They simply indicate that the clay has 
not yet adjusted itself to the change in stress produced by the tunnel excavation. 


The rate at which the roof and the walls of the heading advance into the tunnel 
will be referred to as rate of squeeze. At a given depth in a given clay the rate of 
squeeze increases rapidly with increasing dimensions of the unsupported part of the 
tunnel. Hence by reducing these dimensions one can reduce the rate of squeeze in any 
clay to an amount compatible with construction requirements. 


In very soft, soupy material, such as river silt, the squeeze can be sufficiently 
reduced only by reducing the unsupported part of the tunnel to small pockets. How- 
ever, even in what is commonly considered as soft clay, the length of the unsupported 
section of tunnels with a width and height of eight feet can be increased to eight or 
ten feet without producing a noticeable squeeze. The rate of squeeze in such headings 
can only be determined by repeatedly measuring the distance between reference points 
attached to the working face, the walls, the roof and the floor. 


Ground cylinder 


After the heading has advanced to a certain distance beyond a given station in 
the tunnel the half-dome action which diverts the major part of the overburden load 
away from the roof is superseded by arch action. At the same time the clay squeezes 
towards the side and the bottom of the tunnel. The squeeze is associated with a 
deformation involving a lengthening of every block of clay in radial and a shortening 
in circumferential directions. This deformation brings both the internal friction and the 
cohesion into play, because neither one of these resistances are active until move- 
ment towards the tunnel occurs. Once the strength of the clay is mobilized beneath the 
tunnel on account of a sufficient amount of squeeze into the tunnel the clay beneath 
the tunnel constitutes an inverted ground arch. In a similar manner the clay which 
squeezes into the tunnel from the sides acquires the properties of a side arch. The 
roof arch, the side arches and the bottom arch merge into what may be called a ground 
cylinder which carries the major part of the pressure in the clay located beyond the 
ground cylinder. 


Load increase and load-increase period 


As soon as a tunnel support is placed and wedged, the squeeze is practically 
stopped, although the clay has not yet adjusted itself to the changes produced by the 
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tunnel excavation. As a consequence the clay pressure on the support increases. 
This load increase due to stopping the squeeze can be demonstrated by the fol- 
lowing laboratory experiment. 


A sample of clay is introduced into the 
consolidation apparatus shown in Fig. 31 a 
and consolidated under a load qo which Initial unit pressure 
reduces its water content to wọ. Then the 
load is suddenly removed, whereupon its 
thickness increases due to swelling and 
the top plate goes up until the top plate 
is restrained, at which time upward pres- 
sure starts to develop. In Fig. 34a the 
abscissas represent the time and the or- 
dinates the upward pressure of the clay. 
At time zero the load on the clay was 
reduced from qo to almost zero and then 
it was kept at this value. In Fig. 34 b the 
abscissas also represent the time and the 
ordinates the water content. 


Unit pressure 





At time t, the whiter content of the clay 
is wi. If at that time the further rise of the 
top cover of the clay sample is prevented, 
the water content of the clay ceases to 
increase, but in exchange the pressure on 
the cover plate increases and approaches 


Water content 





a value رو‎ intermediate between zero and 0 t Time 

qo as indicated in Fig. 34a. Similar phen- : 

omena can be observed when making a Fig. 34—Swelling, pressure, time 
effects of clay 


shear test. If the shearing force is kept con- 
stant, the displacement by sliding continues at a constant rate. If this movement is 


stopped, the shearing stresses on the surface of sliding decrease and approach a 
constant value considerably lower than the initial one. 


On account of such time effects, the load on tunnel supports always increases very 
considerably though at a decreasing rate. Experience indicates that the load-increase 
period ranges between several weeks and many months. 


Load-increase in clays with high swelling capacity 


It was mentioned before that the swelling of a clay due to removal of a load 
depends not only on the nature of the clay but also on the intensity of the pressure 
under which the clay was consolidated. 


If a natural clay stratum was consolidated by the weight of thick soil strata which 
were subsequently removed by erosion, the horizontal pressure in the clay is likely to 
remain forever considerably higher than the pressure exerted by the remaining strata. 
Such clays are known as pre-loaded clays. On account of their high density, their 
permeability is commonly very low. Hence if a pre-loaded clay has a high swelling 
capacity, the rate of squeeze is very low and the increase of the clay pressure on tunnel 
supports increases very slowly. However, at moderate depth below the surface, the 
ultimate value of the clay pressure on the tunnel support can ultimately exceed the 
present overburden pressure. 
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The preceding conclusions are 
illustrated by the results of the 
following observations. In Provins, 
east of Paris, France, a stiff, swell- 
ing clay is mined for commercial 
discontinued purposes. The stratum of clay has 
a thickness of about 115 ft. It is 
covered by about 65 ft. of water- 
bearing sand and silt. The galler- 
ies have a square cross section of 
6 by 6 ft. and they are located at 
an average depth of 110 ft. below 
the surface. At that depth the 
overburden pressure is roughly 7 
tons per sq. ft. The roof, sides, 
and bottom of the tunnel are 
braced with 10-in round hardwood 
timbers without any gaps between 
them. Immediately after mining 
the clay stands without support. 


After about a week the swelling 
starts. After about three months 
the lining timbers are crushed and require replacement. During this period the water content 
of the clay adjoining the tunnel increases from its initial value of about 35 per cent, to about 
70 per cent of the dryweight. It was estimated that the pressure required to crush the timbering 
is about 25 tons per sq. ft., which is more than three times the overburden pressure. This 
observation indicates that the horizontal pressure in the clay is very much greater than the 
corresponding overburden pressure. 


Pressure, tons per sq. ft. 





Time in days 


Fig. 35—Time, pressure curve of a clay in France 


In order to get an accurate conception of the rate of increase of the pressure, an experi- 
mental gallery with a length of about 300 ft. was constructed in untouched clay. It was lined 
with square, hardwood timbers, placed side by side and carefully jointed together. At one point 
a horizontal hole with a diameter of 12 in. was drilled through the timber lining and the 
adjoining clay. A pressure cell was installed in the hole, at a distance of about 5 ft. from the 
wall, which registered the pressure exerted by the clay upon the cell. Fig. 35 represents the 
results of the readings during the first twenty days. During the following three months the 
pressure increased to about 15 tons per sq. ft. At that time, the readings had to be discon- 
tinued on account of labor troubles, but the rate of pressure-increase was still constant. (Data 
obtained in May, 1939, by courtesy of Mr. K. Langer, Consultant to the Laboratoroires du Bati- 
ment et des Travaux Publics, Paris, who designed and installed the cell and made the readings). 


Slaking at tunnel walls and the bridge-acti riod 1 
g e bridge-action pe fone CY before sgueeze ۱ Volume assumed 


Many stiff clays contain am in- After squeeze unchanged 
tricate network of closely spaced کے سے‎ —— 
hair cracks. If an unconfined cyl- 
indrical specimen of such a clay 
is loaded, it disintegrates into 
small angular fragments as soon 
as its length has been slightly 
reduced by the pressure. The dis- 
integration is due to the opening 
up of joints between fragments. 


In tunnels the squeeze produces 
similar deformations and, as a 
consequence, a similar disinte- 
gration. The deformation is illus- 
trated by Fig. 36, which repre- 
sents a cross-sectien of a circular 





Decrease of radius due 


Fig. 36 to squeeze 
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tunnel. The squeeze reduces the length of the periphery of the circular section. 
Hence the length of every block of clay, such as À, measured parallel to the 
walls, decreases whereas its width measured at right angles to the wall increases. As 
soon as the percentage shortening exceeds a certain very small value, disintegration 
begins. This process is commonly known as slaking. It is often erroneously ascribed to 
weathering due to the exposure of the clay to the air. It is usually nothing but one of 
several manifestations of squeeze. 


As soon as the clay above the roof starts to slake it loses what little strength it 
had to begin with, whereupon masses of clay start to drop out of the roof. The time 
which elapses until the roof disintegration starts represents the bridge-action period 
for the clay. It ranges between several hours and several days. The roof support must 
be installed before the bridge-action period expires. 


In connection with soft clays the term bridge-action period has no meaning, 
because soft clays do not disintegrate. They merely squeeze. 


TUNNELS IN SQUEEZING OR SWELLING ROCK 
Properties of squeezing rock 


Squeezing rock is merely rock which contains a considerable amount of clay. The 
clay may have been present originally, as in some shales, or it may be an alteration 
product. The rock may be mechanically intact, jointed, or crushed. The clay fraction 
of the rock may be dominated by the inoffensive members of the Kaolinite group or it 
may have the vicious properties of the Montmorillonites. Therefore the properties of 
squeezing rock may vary within as wide a range as those of clay. 


Crushing combined with chemical alteration may produce a material comparable 
to soft river silt whereas the pressure phenomena in some decomposed igneous rocks 
and schists are similar to those encountered in stiff, swelling clay. If a squeezing rock 
is so soft that it does not require blasting, the same methods must be used which are 
commonly employed when tunneling through clay with a similar consistency. These 
methods will be described in detail in a companion volume dealing with "Earth Tun- 
neling with Steel Supports." When tunneling through decomposed rocks the construc- 
tion difficulties commonly increase with increasing swelling capacity of the rock. 


Tunnels in squeezing rock with moderate swelling capacity 


The few pressure observations which have been made in tunnels through rocks of 
this type indicate that the relation between the roof load H, and the cross section of 
such tunnels is similar to the relation expressed by Eq. 8, repeated here, 

B + H. 
20 
which was established for blocky and seamy rock. 


H, = H,1o 


The value H,,, increases at least for several weeks after excavation and it also 
seems to increase to some extent with increasing depth of the tunnel below the surface. 
The highest pressures which were observed at depth of several hundred feet indicate 
that the corresponding value of H,,, increased from an initial value of about 23 ft. to 
a final one of about 42 ft. At depths of more than a thousand ft. the initial value of H, 
can be as high as 30 ft. It increases within the first months up to about 70 ft. of rock. 


At any depth the rock tends to squeeze into the tunnel from all sides. Experience 
indicates that the ratio between the unit pressure on the sides and the roof is roughly 
equal to one-third and the ratio between the pressure on the floor support and the roof 
support is about one-half. 
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Slaking phenomena and the bridge-action period 


In a decomposed state many igneous rocks and almost every schist and shale 
contain a dense network of hair cracks. In such rocks the squeeze is inevitably 
associated with a gradual disintegration of the rock at the tunnel walls. In the 
preceding article this process has been referred to as "slaking." The cause of slaking 
is illustrated by Fig. 36. Every rock which slakes has a definite bridge-action period, 
because slaking leads sooner or later to masses of slaked rocks dropping out of unsup- 
ported sections of the roof. At given dimensions of these sections the bridge-action 
period depends chiefly on the rate of squeeze and the spacing of hair cracks. In a 
given rock the bridge-action period can be increased by reducing the length of the 
unsupported roof section. 


Slaking is commonly associated with an increase of the moisture content of the rock 
at the tunnel walls. The moisture may accelerate the process of slaking. However, 
both the slaking and the increase of the water content are not the cause but the conse- 
quence of the squeeze. Some of the water may be due to condensation on account of 
the low temperature at greater distances from the tunnel. Therefore by spraying the 
exposed rock surfaces with bituminous material, the process of slaking may in some 
instances be retarded, but there is no evidence that it ever stopped a squeeze. 


The following observations illustrate the visible effect of disintegration due to squeeze in 
wet tunnels. In a railroad tunnel, located in slaty rock, the rock appeared dry and almost intact 
after blasting. However, within 24 hours after blasting the walls became very moist; hair cracks 
became visible between the laminae of which the rock consisted, and within the next few days 
the rock assumed the character of a soft, plastic material which exerted heavy pressure on the 
tunnel support. Finally it became so soft that it squeezed through the joints in the lagging. 


Time effects in tunnels through swelling rock 


The term swelling rock refers to rocks the squeeze of which is chiefly due to 
swelling. Swelling rocks are always at least moderately dense, having the consistency 
of stiff or hard, pre-loaded clays. 


A graphic description of the behavior of such rock in a tunnel was published by T. S. 
Lovering.! It refers to a section of the Moffat Tunnel in which decomposed granite of the swell- 
ing type was encountered. "In this section the ground swelled continuously and irresistibly. 
In the water tunnel, a bore parallel to the railroad tunnel, 12x18-inch timbers of Oregon fir 
were broken like matchsticks...” "On the eastern side of the fault zone the walls are equally 
deceptive, very few gouge seams are present, and the rock seems to be bleached but sound 
granite. It is quite surprising to observe material of this appearance slowly closing up the 
tunnel without developing any cracks or shear planes. In fact, the behavior of the ground so 
impresses hard rock miners as being uncanny that they will seldom work in this part of the 
tunnel for more than a few days before quitting.” 


The bridge-action period of swelling rocks depends on the same factors as that 
for ordinary squeezing rock. In swelling rock with a long bridge-action period, such as 
the decomposed granite described by Lovering, the initial load on the tunnel] support 
is almost exclusively due to wedging. However the load increase period may amount 
to many months and during this period the pressure may become heavy enough to 
crush even a very heavy tunnel support. 

The failure of the tunnel support is associated with an almost instantaneous relax- 
ation of the pressure. This is impressively demonstrated by the aspect of the tunnel 
after failure. Although the strength of the split, crushed or twisted timbers is much 
smaller than the strength of the same timbers in an intact state, these timbers are 
commonly strong enough to sustain for at least several days the pressure after failure. 
1. T. S. Lovering, Geology of the Moffat Tunnel, Colorado, Trans. Am. Inst. Min. & Met. Eng., Vol. 76 (1928), 

pp. 337 to 345. 
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If a new tunnel support is constructed the pressure again increases, but the swelling 
associated with the failure of its predecessor permanently reduces the ultimate intensity 
of the pressure. 

The squeeze of a swelling rock into a tunnel is always associated with an increase 
of the water content and a loss of strength of the rock adjoining the tunnel. Therefore, 
it is a common occurrence that the footings of the ribs which were originally capable 
of sustaining the pressure, gradually penetrate the material on which they rest. At the 
same time the bottom heaves and displaces the track and the conduits in the tunnel. 
Therefore, it is advisable to provide the tunnel support in swelling rock with circular 
ribs. The circular form imparts to steel ribs the greatest strength per pound of steel 
employed and makes them equally resistant to pressure from all directions. 


Rock pressure in swelling rock 

The pressure on the support in tunnels through swelling rock depends primarily 
on the swelling capacity of the rock which is analogous to the swelling capacity of 
clays (see Fig. 31 c). Therefore no general rules comparable to the rule expressed by 
Eq. 8 for the influence of the width and height of the tunnel on the rock load can be 
established. Ás a matter of fact it is not even known whether the pressure varies with 
the width of the tunnel. Therefore information on the pressure exerted by swelling 
rock can be obtained only from observations in tunnels and data of this kind are 
still very scarce. 


In shallow tunnels the ultimate pressure on the tunnel lining may be considerably 
higher than the overburden pressure. This opinion is based on extrapolation from 
experience in clay tunnels such as those referred to in the preceding article. 


In deep tunnels through swelling rock, pressures of 10 tons per sq. ft. are not 
uncommon. Exceptionally, pressures as high as 20 tons per sq. ft. have been encoun- 
tered. A pressure of 20 tons per sq. ft. is equivalent to the weight of a layer of rock 
with a thickness of not more than about 270 ft. This fact demonstrates that the process of 
swelling does not interfere with the development of a ground cylinder which carries 
the major part of the overburden pressure. 


Provisions for expansion in swelling rock 


The mechanics of the process of swelling illustrated by Fig. 34 indicate that the 
expansion of swelling material produces a permanent reduction of the ultimate value 
of the swelling pressure on a tunnel support. Experience in tunneling through swelling 
rock confirms this conclusion. Hence when the first railroad tunnels through swelling 
rock were built, in the middle of the last century in England, it was decided to reduce 
the pressure on the permanent lining by providing a clearance of six inches between 
the rock and the outer face of the masonry. This measure proved to be successful 
and it has often been used. 


Quite recently, in the construction of a double-track subway tunnel through the 
swelling clay represented by curve C; in Fig. 31 c in Paris (France) the same clearance 
was provided. 


Yielding tunnel supports in swelling rock 


In mining through swelling clay or rock it is customary to construct a heavy timber 
set to start with, and if it is crushed, it is replaced by a new and stronger one. This 
procedure permits the rock to squeeze into the tunnel through a distance of at least 
six inches prior to the construction of the permanent lining. As a consequence, it 
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produces a very substantial reduction of the ultimate load on the tunnel support. 
However, it is doubtful whether it is economical and does not furnish any definite 
information concerning the pressure which will act on the permanent lining. 


In order to avoid the complications and inconveniences associated with cleaning 
up the tunnel after each failure of a lining, the following procedure would deserve a 
trial. Instead of constructing a tunnel support which either remains intact or fails 
completely, the support should be provided with ribs which are strong enough to stand 
up under the pressure while the rock squeezes into the spaces between the ribs. It is 
obvious that the pressure per unit of area on the outer flanges of the ribs cannot 
exceed the bearing capacity q, of the swelling rock. Any pressure in excess of qu 
causes the rock to flow around the outer flange of the rib as indicated in Fig. 37. The 
resistance رو‎ against penetration of the rib into the decomposed rock can be deter- 
mined by means of a simple test in the tunnel. 


The space between the ribs is bridged by a lag- 
ging which can fail under the rock pressure without 
injury to the ribs. If it fails, the material which 
squeezes into the space between the ribs is excavated 
and the lagging is replaced. It is much cheaper to 
replace the lagging several times than to replace an 
entire crushed support once. After the pressure in 
the rock surrounding the tunnel has been sufficiently 
relieved to establish ground cylinder action, the space 
between the ribs is excavated and the concrete for the 
permanent lining is poured. The ribs are left in place 
and serve as reinforcement. 





Another possibility would be to insert into the ps 
ribs compressible spacers which permit the diameter P d Pu 
of the ribs to decrease very considerably without in- 4. 
jury to the ribs. 


In order to get quantitative information on the Fig, 37 —— Flow of swelling rock 
time-pressure characteristics of the rock and on the around tunnel 
pressure-relieving effect of the squeeze, sturdy pres- 
sure measuring devices should be inserted into some of the ribs, by means of which 
the radial pressure on the ribs can be determined periodically. 


Criteria for swelling rock 


Throughout the preceding text great emphasis has been placed on the beneficial 
effects of careful back-packing and wedging. In moderately jointed or blocky and 
seamy rock, careful back-packing considerably reduces the load increase period and 
the ultimate pressure on the tunnel support. Even in squeezing rock with a low swelling 
capacity the presence of empty spaces between support and rock is likely to do more 
harm than good. Providing an opportunity for the rock to squeeze into the tunnel should 
only be used as a last resort, if the tendency of the rock to swell is very conspicuous. 
Hence, before a rock is classified as a swelling rock, its swelling properties should be 
carefully investigated. If the volume of samples of the freshly exposed rock or of 
samples from a freshly recovered core does not increase by at least 2 per cent 
during immersion in water, the rock cannot be classified as swelling rock and the 
tunnel support should be tightly wedged. 
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Some years ago the author investigated samples of what was considered by the 
tunnel force to be swelling rock. The tests showed that the volume of the rock was 
entirely unaffected by immersion. Ás a matter of fact, it was found afterwards that it 
was easy to hold the pressure with a tightly wedged tunnel support. 


Specimens of decomposed gneiss which caused considerable trouble during the 
construction of the St. Gotthard Tunnel in Switzerland expanded after immersion by 
about 2.9 per cent in the direction of the cleavage.! The volume of a specimen of shale 
was even found to increase during immersion by 12 per cent? whereas tests by the 
author on specimens of several shales from other localities, including Pennsylvania, 
disclosed no measurable volume change. These observations indicate that the differ- 
ences between the swelling properties of different shales can even be more important 
than those between the swelling properties of different clays, illustrated by Fig. 31 c. 
Mere visual inspection of a shale does not furnish any information on this vital 
property of the material. 


Occasionally important heaves and excessive pressure have been experienced 
when tunneling through rock formations containing layers of anhydrite. Thus for 
instance in a railroad tunnel in the Alps through almost horizontal strata composed of 
shale, gypsum and anhydrite, the tunnel floor rose during the first few years at a rate 
of about ten inches per year. In other tunnels through similar formations the timbering 
has been repeatedly crushed. 


Both the heave and the pressure in such rock formations are due to the transforma- 
tion of anhydrite into gypsum, which is associated with a very important increase in 
volume. Anhydrite is not stable in the presence of water. Hence it occurs only between 
practically impervious layers which keep the water away. These layers can be very 
thin, but they must be tight. During excavation of the tunnels the layers of anhydrite 
and their seals were injured and cracked; water percolated into the fissures out of 
adjoining water bearing strata, whereupon the anhydrite along the fissures was 
transformed to gypsum. The local swelling pressure caused further cracking and 
increased the surface of contact between water and anhydrite and this process went 
on until chemical alteration was complete. Hence in mining through anhydrite-bearing 
formations, utmost care is required to prevent injury to the layers of anhydrite and their 
seals. 


1. F. M. Stapff, Jahrbuch der preussischen geologischen Landesanstalt, 1888. 
2. Daniel E. Moran, Letter to the Editor, Eng. News-Record, Vol. 95, December 10, 1925. 
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Chapter 5 
FORECAST OF PRESSURE AND WORKING CONDITIONS 
IN ROCK TUNNELS 


INTRODUCTION 


This chapter contains a resume of all the information which has been presented in 
the preceding chapters. It is intended to inform the tunnel builder on the steps required 
to get a conception of the pressure and working conditions which have to be antici- 
pated in the construction of a proposed tunnel at a given site. 


The review of the factors to be considered in support design is followed by a 
discussion of the relation of the general geology of the site and the relative importance 
of the inevitable uncertainties associated with the forecasts and by a description of the 
available methods of reducing the tunnel hazards to the minimum compatible with the 
geology of the site. The chapter will be concluded by a list of sources of useful infor- 
mation concerning general and regional geology. 


GEOLOGICAL SURVEY 


The first and foremost requirement for making a forecast of the working conditions 
in a proposed rock tunnel is a geological section through the center line of the tunnel, 
showing the approximate position of the boundaries between the different types of 
rocks and of all those faults or fault zones which were discovered during the survey. 
Since a geological survey cannot be expected to furnish conclusive information 
regarding many features which are vital to the tunnel builder, the conclusions should 
be expressed in terms of most favorable and most unfavorable possibilities. 


From an engineering point of view, a knowledge of the type and intensity of the 
rock defects may be much more important than that of the types of rock which will 
be encountered. Therefore during the survey rock defects should receive special con- 
sideration. The geological report should contain a detailed description of the observed 
rock defects in geological terms. It should also contain a tentative classification of the 
defective rocks in the tunnel man's terms, such as blocky and seamy, squeezing or 
swelling rock. A reliable diagnosis of swelling rock can be obtained only by means 
of tests on samples in their natural state, before they were allowed to lose any moisture 
by evaporation. Since swelling conditions have a decisive influence on the speed 
and cost of tunneling, every shale and any other rock which may be capable of 
swelling should be carefully investigated and the measured volume increase should 
be recorded. 


TERMS DESCRIBING ROCK CONDITION 


On the basis of the geological report and the geological profiles a tunnel profile is 
prepared showing the rock conditions which are likely to prevail in the different parts 
of the tunnel. 


In Chapter 4, the following terms have been used to describe the condition of 
rocks: Intact, stratified, moderately jointed, blocky and seamy, crushed, squeezing, 
and swelling. 
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Intact rock contains neither joints nor hair cracks. Hence if it breaks it breaks 
across sound rock. On account of the injury to the rock due to blasting, spalls may 
drop off the roof several hours or days after blasting. This is known as spalling 
condition. Hard, intact rocks may also be encountered in the popping condition involv- 
ing the spontaneous and violent detachment of rock slabs from sides or roof. 


Stratified rock consists of individual strata with little or no resistance against 
separation along the boundaries between strata. The strata may or may not be weak- 
ened by transverse joints. In such rock, the spalling condition is quite common. 


Moderately jointed rock contains joints and hair cracks, but the blocks between 
joints are locally grown together or so intimately interlocked that vertical walls do 
not require lateral support. In rocks of this type both the spalling and the popping 
condition may be encountered. 


= Blocky and seamy rock consists of chemically intact or almost intact rock fragments 
which are entirely separated from each other and imperfectly interlocked. In such 
rock vertical walls may require support. 


Crushed but chemieally intact rock has the character of a crusher run. If most or 
all of the fragments are as small as fine sand grains and no recementation has taken 
place, crushed rock below the water table exhibits the properties of a water-bearing 
sand. 


Squeezing rock slowly advances into the tunnel without perceptible volume in- 
crease. Prerequisite for squeeze is a high percentage of microscopic and sub-microscopic 
particles of micaceous minerals or of clay minerals with a low swelling capacity. 


Swelling rock advances into the tunnel chiefly on account of expansion. The 
capacity to swell seems to be limited to those rocks which contain clay minerals such 
as montmorillonite, with a high swelling capacity. 


In practice there are no sharp boundaries between these rock categories and the 
properties of the rocks indicated by each one of these terms can vary between wide 
limits. 


ESTIMATE OF ROCK LOAD 


Even a very conscientious and expertly conducted geological survey of the site of a 
proposed tunnel cannot accomplish more than a very crude estimate of the length of 
the tunnel sections in which each of the principal types of rock conditions will be 
encountered. Further differentiation cannot be expected. Hence, even if methods for 
accurately computing the rock load under given rock conditions were available, they 
would have very little practical value on account of the inevitable uncertainties asso- 
ciated with predicting the rock conditions. Approximate values for the rock loads to be 
anticipated under the principal rock conditions are all that tunnel practice requires. 
The geological factors which determine the rock load were discussed in Chapter 4. 
Table 3 contains a summary of the conclusions. Since there are no well defined 
boundaries between the different conditions, the rock load corresponding to each rock 
condition is represented in the table not by a single value but by a range. 
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TABLE 3 


Rock load H, in feet of rock on roof of support in tunnel 
with width B (ft) and height H, (ft) at depth of more than 1.5 (B + (۲ 


Rock Condition Rock Load H, in feet Remarks 


1. Hard and intact zero Light lining, required only if spalling 


or popping occurs. 


2. Hard stratified or ۱0 to 0.5B Light support. See Fig. 38. 


3. Massive, moderate- |0 to 0.25 B 

ly jointed 

4. Moderately blocky ۱0.25 B to 0.35 (B+-H,) No side pressure. See Fig. 39. 
and seamy AE 


S. Very blocky and |(0.35 to 1.10) (B-+H;) Little or no side pressure. See Fig. 40. 


schistose? 
Load may change erratically from 
point to point. 


seamy 


. Completely crushed |1.10 (B-+-H,) Considerable side pressure. Softening 


but chemically in- effect of seepage towards bottom of 


tact tunnel requires either continuous sup- 
port for lower ends of ribs (Fig. 41) c 
circular ribs (Fig. 42). 


Squeezing rock, (1.10 to 2.10) (B+H,) 


` moderate depth Heavy side pressure, invert struts re 


8. Squeezing rock, (2.10 to 4.50) (B-+-H,) quired. Circular ribs are recommended. 
great depth 





s 


N 


. Swelling rock Up to 250 ft. irrespec- | Circular ribs required. In extreme 


tive of value of (BJ-H) | cases use yielding support. 


. The roof of the tunnel is assumed to be located below the water table. If it is located permanently above 


the water table, the values given for types 4 to 6 can be reduced by fifty per cent. 


. Some of the most common rock formations contain layers of shale. In an unweathered state, real shales are 


no worse than other stratified rocks. However, the term shale is often applied to firmly compacted clay 
sediments which have not yet acquired the properties of rock. Such so-called shale may behave in the 
tunnel like squeezing or even swelling rock. 


If a rock formation consists of a sequence of horizontal layers of sandstone or limestone and of immature 
shale, the excavation of the tunnel is commonly associated with a gradual compression of the rock on both 
sides of the tunnel, involving a downward movement of the roof. Furthermore, the relatively low resistance 
against slippage at the boundaries between the so-called shale and rock is likely to reduce very consid- 
erably the capacity of the rock located above the roof to bridge. Hence, in such rock formations, the roof 
pressure may be as heavy as in a very blocky and seamy rock. 


NUMERICAL EXAMPLE OF ROCK LOAD COMPUTATION 


To illustrate the effect of the rock condition on the rock load an estimate will be 


made of the load on the roof support in a tunnel with a width B = 15 ft. and H, = 15 ft. 
at the moderate average depth of 300 ft. in granite with a unit weight w — 165 ۰ 
per cubic foot. If the region has had a complex geological history the condition of the 
granite may vary within wide limits over short distances. The roof load corresponding 
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to the various conditions which are likely to be encountered may be obtained by intro- 
ducing the values B, H,, and w into the preceding equations. The results are as follows: 


Minimum Maximum 

Spalling state - - ھن 5 ے‎ >e “° هو‎ 0 to 400 lbs. per sq. ft. 
Moderately jointed | 

۵ے > > = مع مم جح Ham‏ 

H, max = -20B = .25 x 15 ft. = 3.75 ft = - -= og | 620 lbs. per sq. ft. 
Moderately blocky and seamy | 

H, min = Hp max for moderately jointed - -= 620 lbs. per sq. ft. 

Hp mx = -35 (B+ Hj) = .35 (154-15)— 10.5 ft. = ۱ 1730 lbs. per sq. ft. 
Intensely shattered but chemically unaltered 

Hp min = Hp max for moderately blocky - = 1730 lbs. per sq. ft. 

H, max = 1.10 (B + H.) = 1.10 (15 + 15) = 33.0 ft. = 5440 lbs. per sq. ft. 


If the granite has been chemically altered, squeezing and even swelling conditions 
may prevail. Loads may then, at this moderate depth, attain the following values: 


Maximum 
Squeezing H, = 2.10 (B + H.) = 2.10 x (15 + 15) = 63 ft. = 10400 lbs. per sq. ft. 
Swelling T سا‎ e o “° e > >œ 20000 to 40000 lbs. per sq. ft. 


In the squeezing and swelling stretches full circle ribs should be used. Hence it is 
advisable to include an adequate supply of such ribs in the first procurement. 


BRIDGE-ACTION AND LOAD-INCREASE PERIOD 


The influence of the condition of the rock on the bridge-action and the load increase 
period is graphically represented by Fig. 43. Fig. 43a is a vertical section through 
the centerline of a tunnel. In Fig. 43 b the abscissas represent the time (see legend to 
figure) and the ordinates of the dash lines the height of overbreak, if after the last 
round is fired, mining is discontinued and no support installed. The ordinates of the 
full lines represent the load on the top of the roof in feet of rock. 


The bridge-action period t, has been defined as the time which elapses between 
firing the round and the beginning of the breakdown of the unsupported part of the 
roof. In intact rock and in moderately jointed rock the bridge action period is prac- 
tically unlimited and the support merely serves to protect the operations from falling 
IOCk fragments. 


For blocky and seamy rock or for squeezing, slaking rock it may range between 
several hours and several days. Nevertheless bridge-action periods of less than several 
hours are quite often encountered in rock tunnels. For any given rock the period 
depends to a large extent on the length of the unsupported roof. Therefore it can be 
regulated within fairly wide limits. 


When preparing the diagram Fig. 43 b it was assumed that the bridge-action period 
of all the rocks represented in the graph is equal to four-fifths of the duration of one 
excavating cycle. Yet, whatever the bridge-action period may be, excessive overbreak 
can be avoided only by installing the roof support before the period expires. There- 
fore the length of the period has a decisive influence on the sequence of operations 
in mining the tunnel. 
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1t is customary and economical to keep. ihe distance between the working face. 

and the last support as long as the condition of the rock permits. Hence if a tunnel D 

i abruptly. and unexpectedly from a. rock formation - with < long. bridge-action ` yu. 
E panog into a formation with a short one, locat but. excessive overbreak ig inevitable. oS 


p /Atier the tunnel | “support. is ‘installed: (he. pressure On: the: support moy. remain EN 
| si unchanged. However it may also increase. tó many times its initial value as 
shown in Fig. 43 b. The time which elapses. until the pressure becomes fairly. constant... 

bas been referred to as the load-increase period. dt ranges ‘between a tew weeks and ^ 

many months: The tunnel support must he designed on: dhe basis of me heaviest AS 
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Modern tunnel practice eliminates the necessity of subsequent tunnel reconstruction 
by using steel supports instead of timber and by concreting against the rock or careful 
backpacking. Both procedures combined establish intimate contact between the rock 
and the permanent lining. Once such contact is established the permanent lining will 
always retain its shape, because the passive resistance of the adjoining rock does not 
permit any distortion. 


Clearance between tunnel support and rock is justifiable only when mining 
through the worst types of swelling rock. Yet even in such rocks it should only be used 
as a last resort. 


TUNNEL HAZARDS 
Varieties of tunnel hazards 


The term tunnel hazard indicates unanticipated sources of expense and delay. The 
hazards are due to the departure of the structural details of a given mass of rock from 
the statistical average for similar masses. On account of this departure the cost of a 
proposed tunnel may be lower, but it may also be considerably higher than the 
average cost of similar tunnels which have been built in similar bodies of rock. 

The unanticipated difficulties may reside in abnormally high rock load, abrupt 
transitions from long to short bridge-action periods, excessive inflow of water and the 
presence of harmful gasses. The importance of the financial risks associated with 
these hazards depend to a large extent on the general geology of the region. The 
following paragraphs illustrate this interdependence. 


Hazards in limestone and sandstone 


Above the water table hazards are unimportant. Below the water table sandstone 
is much less hazardous than limestone because in contrast to limestone it is not likely 
to contain underground channels or reservoirs. In limestone, heavy, concentrated flows 
of water or of a mixture of sand and water may be encountered. In zones consisting 
of crushed sandstones or limestone, earth tunneling methods must be used, but if such 
zones are present at all they are commonly very narrow. Wherever the rock is not 
crushed, the rock load nowhere exceeds moderate values. The occurrence of harmful 
gases such as CO. or HS is uncommon except in regions of post.volcanic activities. 


Hazards in formations containing shale 


Tunneling conditions in rock formations containing shale depend chiefly on the 
character of the shale. This character may range anywhere between that of a sound rock 
and of a stiff, swelling clay. However, within any one shale formation, the tunneling 
conditions are likely to be fairly uniform. The rock load is either consistently low or 
consistently high. The quantity of water which enters the tunnel from shale is commonly 
low, but large flows may be encountered wherever a water-bearing formation rests on 
shale. 


Shales are sometimes associated with layers of coal, or anhydrite. In coal bearing 
shale foundations, the explosive gas, methane (CH,), has been encountered repeatedly. 
If tunneling operations injure the seal of layers of anhydrite the water which percolates 
through the cracks in the anhydrite gradually changes the anhydrite into gypsum and 
heavy swelling pressure ensues. The water which flows across anhydrite strata into 
the tunnel contains calcium sulphate which attacks concrete. It is also likely to contain 
hydrogen sulfide (H-S) which is lethal even in moderate concentration. 
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Hazards in schists 


In unaltered schists the rock load ranges between zero and moderate. Although 
the inevitable overbreak and the inflow of water may be quite important, the hazards 
associated with unaltered schists are rather mild. However, in schists chemical alter- 
ations are very common. In decomposed schists squeezing and even swelling conditions 
may be encountered. These conditions are associated with very high or excessive rock 
load. In many railroad tunnels through altered schists heavy loads were combined 
with large discharge of water into the tunnel. 


Hazards in intrusive igneous rocks 


In intrusive igneous rocks such as granite many tunnels with great length have 
been built without requiring any support and without interference by water. Yet, from 
time to time, extremely unfavorable conditions have been encountered, involving 
heavy flow of water in some parts of the tunnel and squeezing or swelling conditions 
in others. General experience with tunneling through these rocks indicates that the 
probability of hazards is very low, but the deviations from normal can be important 
enough to upset completely the original estimate of costs. Furthermore, in many instances 
the existence of abnormal conditions at depth cannot be predicted from surface 
evidence. Hence the intrusive rocks should be considered decidedly treacherous. 


Hazards in extrusive igneous rocks 


Extrusive igneous rocks such as rhyolite are commonly associated with strata of 
volcanic tuff or breccias. The igneous rocks, the tuff and the breccias may be 
encountered in an advanced state of decomposition. The tuff and breccias may even 
be still in an unconsolidated state; large quantities of water may enter the tunnel from 
fault zones and in young volcanic rocks, the occurrence of harmful gases is not 
uncommon. Therefore tunnels through rocks of this category can be expected from the 
very start to be extremely hazardous. The experience on the Mono Craters Tunnel in 
California and the Tanna Tunnel near Atami in Japan can be considered representative 
for the difficulties which may be encountered in such rock formations. 


Provisions for coping with tunnel hazards 


A competent and experienced geologist is able to predict which types of difficulties 
may be encountered in different parts of a proposed tunnel, but he cannot make in 
advance of construction a quantitative evaluation of the difficulties. Hence the first 
estimate of the material and equipment required for constructing a tunnel inevitably 
involves a certain amount of guesswork. These uncertainties also characterize the 
preliminary design of the tunnel support and should be considered when preparing 
the initial procurement of steel support. 


The cost of emergency supports such as circular steel ribs or extra heavy rib sets 
is small compared to the cost of meeting an emergency with inadequate supplies. 
Hence if the geologist indicates that unfavorable rock conditions of a certain type may 
be encountered, enough supplies should be kept on the job to cope with the anticipated 
difficulties until supplementary material arrives at the job. 


If unfavorable rock conditions are anticipated, it is also advisable to supplement 
the standard geological survey by various other investigations intended to furnish 
more specific information on the rock conditions. The principal methods are diamond 
borings, geophysical surveys, observations in pilot tunnels and geological observa- 
tions during construction. 
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Diamond core borings 


On several important projects involving the construction of tunnels, diamond core 
borings have been made in advance of construction to verify or modify the conclusions 
derived from the geological survey. Such an investigation may be particularly profit- 
able, if conditions permit a choice between different locations of a tunnel in a region 
in which difficult tunneling conditions are anticipated. In such regions the cost of the 
borings is usually very small compared to the savings which might result from selecting 
the most favorable location. In locating the tunnels for the Catskill and several other 
important aqueducts this method has been used extensively with noteworthy success. 
(See article on Faulting and Thrusting in Relation to Tunnelling, pp. 35 to 38). 


Geophysical survey 


During the last few decades methods have been developed which, under favorable 
conditions, permit an approximate determination of the location of the boundary at 
depth between rocks with very different physical properties, such as granite and shale. 
These methods consist in observing the effect of the sub-surface discontinuity on the 
intensity and geometry of a natural or an artificially created field of force or on the rate 
of wave propagation. These methods are known as geophysical methods.! They con- 
stitute nowadays one of the most important methods of prospecting for oil and ores. 
Quite recently two of these methods, the seismic and the electrical prospecting method, 
have also been adapted to subsoil exploration in connection with foundation and tunnel 
problems. The success of these methods depends chiefly on the importance of the 
difference between the physical properties of the rocks located on either side of the 
unknown boundary. 


The electrical resistivity, and the modulus of elasticity which determines the rate 
of wave propagation of a crushed or completely decomposed rock, are very much lower 
than the corresponding value for the same rock in a relatively intact state. Therefore 
the methods have been successfully used for determining the boundary between sound 
and defective rocks on tunnel jobs. Since geophysical rock exploration is very much 
cheaper than the boring method, it deserves at least a trial. If the attempt is successful, 
the number of core borings required to secure a given amount of information can be 
substantially reduced. 


Function of pilot tunnels 


The pilot tunnel serves the purpose of a large-diameter exploratory hole. It also 
drains the rock ahead of the main excavation. If the inflow of water is excessive, the 
rock can be grouted before the main excavation reaches the water-bearing zone. Heavy 
squeezing or swelling pressures are detected in time to order the required tunnel 
supports for the main excavation and to revise the design for the permanent tunnel 
support. It even permits starting the main excavation at several points simultaneously 
in order to reduce the time of construction. Hence, if a tunnel with a large cross section 
is located in an intensely folded or faulted region, the construction of a pilot tunnel 
should not be omitted. 


Geological observations during construction 


Whatever the method of attack in a tunnel may be, it is always advantageous to 
know the details of the character of the rock as far ahead of the working face as 
conditions permit. However, the extrapolation from the exposures in the tunnel to the 


l. See for instance C. A. Heiland, Geophysical Exploration, Prentice-Hall Inc., New York, 1940. 
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rock conditions beyond the working face requires geological knowledge and training. 
Therefore, it is always advisable to keep an experienced geologist permanently on the 
job. His original conceptions regarding the rock conditions are inevitably more or 
less inaccurate. However, his observations in the tunnel provide him with the means 
for correcting his original conceptions step for step whereby his capacity for correct 
extrapolation increases. The savings resulting from a few accurate forecasts of pending 
changes in the rock conditions are likely to be more important than the cost of retain- 
ing the services of a resident geologist during the entire period of construction. 


SOURCES OF USEFUL INFORMATION 


On account of the decisive influence of geological factors on the difficulties and 
costs of tunnel construction, every engineer engaged in tunnel work should be familiar 
with at least the elements of physical geology. The following elementary textbooks are 
recommended: 


Arthur Holmes, "Principles of Physical Geology," New York, 1945, The Ronald Press 
Company. This book also contains an adequate bibliography for those readers who 
wish to get more advanced information on various phases of the subject. 


C. R. Longwell, A. Knopf and R. F. Flint, "Outlines of Physical Geology," 2nd 
edition, John Wiley and Sons, Inc., New York, 1941. 


Marland P. Billings, "Structural Geology," Prentice-Hall, New York, 1942. 


R. F. Leggett, "Geology and Engineering,” McGraw-Hill Book Co., Inc., New York, 
1939, contains a chapter on tunnels. 


F. H. Lahee, "Field Geology," 4th Edition, McGraw-Hill Book Co., Inc., New York, 
1941. 


C. F. Tolman, "Ground Water," McGraw-Hill Co., Inc., New York, 1937. 


Even a moderate amount of knowledge of geology enables the tunnel engineer to 
take advantage of what is known about the geology of the region in which a tunnel is 
to be built; to decide whether or not the geological conditions at a new site require 
more detailed investigations and to interpret geological reports in engineering terms. 


The most prolific source of preliminary information on the geology of individual 
parts of the United States of America are the publications of the U. S. Geological Survey. 
Geologic maps and brief descriptions of a few regions have been published in the 
Folios of the Survey. A vast amount of useful geological data has been published by 
the same organization in the Water Supply Papers. Papers pertaining to the geology 
of particular regions can be located by means of “Geologic Literature on North 
America,” bibliographic bulletins of the U.S. Geological Survey, published every two 
years. Cumulative bibliographies are available for the periods 1785 to 1918 and 1919 
to 1928. 


99 


Google 


Original from 
UNIVERSITY OF MICHIGAN 


Digitized by Google 


a16006-pd#asn ssae»52e/D10'i1snJuiru1eu'www//:d11u / pezriirDrp-saj0009 ۵ ۵ 
c8,98vvcOSTO6E'dpu//zoz/1eu'e]pueu'1pu//:sdiiu / IWD 285*7۲0 40-S0-IZOC UO poie42us9 


SECTION II 


SELECTION AND DESIGN 
OF 


SUPPORT 


Google 


Original from 
UNIVERSITY OF MICHIGAN 


Digitized by Google 


a16006-pd#asn ssae»2e/D10'i1snJuiru1eu'www//:d11u / 292۲1۲07۲0 - 3 ‘utewog ۵ 
c8,98vvcOSTO6E'dpu//zoz/1eu'e]pueu'1pu//:sdiiu / IWD €S:IO ۵-60-۲606 UO pa3e1aua9 


Chapter 6 
FACTORS AFFECTING LAYOUT OF TUNNEL SUPPORT 


TUNNEL CROSS-SECTION AND TUNNEL SUPPORT 
Cross-section of tunnels in intact rock 


The term Rock may bring to the lay mind the thought of solidity; of something 
firm and enduring. On this basis it might seem that tunnels could be driven through 
rock without supporting the exposed surfaces, and that the tunnel bore would remain 
permanently as excavted. This would be true if tunnels were driven through intact 
rock, or rock having no defects. Some few tunnels are driven under these fortunate 
circumstances, and stretches of other tunnels may be located in intact rock. 


Under these favorable conditions no support will be required. Whether the tunnel 
will be permanently lined will depend on the purpose of the tunnel. The rock cannot 
be blasted or trimmed to present a smooth surface. The rough and irregular surface 
generally is not objectionable in a railway tunnel or a mine drainage tunnel, but 
water and sewer tunnels are frequently lined to eliminate turbulence thus increasing 
their discharge capacity. Many highway tunnels are lined simply for good appearance. 


Cross-section of tunnels in defective rock 


Very few tunnels are located in perfectly intact rock throughout their whole length, 
the vast majority being driven through rock with defects of one kind or another, as 
reviewed in the preceding Section I on Engineering Geology. In general, defective rock 
requires support until the permanent lining can be placed. 


Definition and function of tunnel support 


Support, in tunnel work, may be defined as that structure which is erected in the 
tunnel bore promptly after blasting. It serves to protect the operation from falling rocks 
and to prevent the invasion of the excavated space by the surrounding ground until 
the permanent lining is constructed. 


As long as wood was the only structural material available for support, its function 
was usually considered as temporary only although in many earlier tunnels it served 
also as the permanent lining. When a permanent concrete lining was placed, the 
timbers had served their purpose. With the introduction of steel, this concept of support 
is changing. Steel embedded in concrete is as permanent as the concrete. 


Service period of tunnel support 


Contrary to practice in earth tunnels, a rock tunnel will ordinarily be "holed 
through" before the permanent concrete lining is placed. This is commonly the most 
economical procedure, as it avoids interference between the excavating and concreting 
operations, which interference adds to the expense of both. There may be some excep- 
tions to this procedure, especially where exceedingly heavy loads are encountered in 
short stretches which makes it desirable to concrete them at once to hold the ground. 


This practice requires the support system to sustain the load for a long period of 
time. Largely depending on the length of the tunnel, the support must carry the loads 
that build up over periods ranging from several months to several years before the 
permanent lining is installed. Quite frequently the time required for the rock to adjust 
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has caused serious damage to the permanent lining because it eliminated (over large 
areas of the extrados) the passive resistance whereupon the concrete lining was 
pressed or squeezed out of shape. See Fig. 44, page 95. 


If a steel support is incorporated into the design concrete, the concrete serves to 
preserve the steel and to increase the factor of safety to the value required for perm- 
anent structures. 


It is hardly ever economical to reduce the thickness of the concrete lining of a tunnel 
by reinforcing it with steel bars which are specifically provided for this purpose. Even 
the benefit derived from incorporating steel support into the permanent lining does not 
reside primarily in the strengthening effect of the ribs. The economic benefits derived 
from designing the steel support as a part of the permanent lining are chiefly due 
. to a considerable reduction of the yardage of excavation and concrete thereby made 


possible. 


Still more conspicuous are the benefits associated with incorporating the steel 
into the concrete of a pressure tunnel of circular cross-section, as in Fig. 46. The circular 
steel ribs are installed originally for support whereas after the tunnel is in operation 
they carry part or all of the tension set up by internal water pressure. Such a dual 
function was also assigned to the ribs in the Fort Peck Dam Tunnels, Fig. 47. 


Inside cross-section 


The first step in designing a tunnel is to choose the inside cross-section to best 
serve the purpose for which the tunnel is to be built. 








Inside | Line 
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Design Concrete Line 
Concrete and Pay Lines 
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Fig. 48—Tunnel cross-sections 


107 


Google 


In intact rock the inside cross section is determined exclusively by the purpose of 
the tunnel, because the rock supports itself. Thus in self-supporting rock the cross- 
section of the tunnel can be given any desired shape. In defective rock, the choice of 
the cross-section may be influenced to some extent by the nature and gravity ot the 
prevailing rock defects. The more unstable the rock, the more it is desirable to give 
to the tunnel section a shape approaching that of a full circle. However, the instances 
in which a compromise is required between the most desirable and the most prac- 
ticable tunnel section are rather rare. 


If two or three different inside cross-sections for a tunnel serve their purpose 
equally well, the decision is to be based mainly on an estimate of the costs. 


Minimum concrete thickness 


If the geological survey of the tunnel route indicates a possibility that part ot the 
tunnel will be located in intact rock, the engineer has to decide on a minimum thick- 
ness of concrete for this section. He will show the minimum concrete line on his draw- 
ing of the tunnel cross-section and provide in his specifications that no rock may 
encroach within this line. See Fig. 48. 


As intact rock imposes no load on the lining, the thickness of the lining is deter- 
mined by other considerations, such as: facility of placing the concrete, depth of 
appurtenances that must be incorporated in the lining, cable duct sizes, etc. 


Designed concrete thickness 


Generally the geological survey and local experience will indicate that defective 
rock will be encountered somewhere along the line. Defective rock means pressure. 
It also means that support will be required. 


The engineer must of necessity make an estimate of the magnitude this pressure 
will attain after the rock has adjusted itself to its new pressure conditions. Once the 
ultimate magnitude of the load has been estimated, the thickness of plain concrete is 
established to satisfy the loading assumption and a design concrete line is shown on 
the cross section, as in Fig. 48. 


Use of steel bars and all or part of the main members of the steel support system 
as reinforcing may decrease the thickness of design concrete. As already noted, 
however, the use of reinforcing bars for the sole purpose of reducing concrete thickness 
in a tunnel is usually not economical. Ás a rule it is cheaper to put in more concrete, 
so that bars are not needed. However, if the rock must be supported, and if steel 
support is used, the steel can in some cases be utilized to reduce the concrete thickness. 


In the specifications or on the plans the engineer will provide that no wood of any 
kind nor any lagging, either wood or steel, shall encroach on the design concrete line. 
He will thus insure full concrete section where support is required; however, in sup- 
ported stretches, he may permit sound rock to extend to the minimum concrete line 
between ribs rather than require it to be slabbed off. 


Overbreak and pay lines 


Rock cannot be blasted to a smooth line. Yet the specifications require that no 
rock should project inward past the minimum concrete line and very little past the design 
concrete line. Hence if a smooth line is traced through the uneven boundary of the 
excavated space this line must be located well beyond the design concrete line. It 
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will be referred to as the overbreak line. The position of this line can only be estimated 
in advance of construction. 


The estimated overbreak line represents the basis for establishing the pay line 
representing the outer boundary of the excavation and concrete for which payment 
will be made. Payment is made for the quantities enclosed by the pay line regardless 
of whether the contractor overshoots or undershoots. The pay line for policy reasons, 
may be established somewhere between the overbreak and design lines. 


Regarding the location of the pay line, two procedures are used: 


1. Set the pay line at some arbitrary distance from and parallel to the design 
concrete line. This leaves it up to the contractor as what overshooting he 
will do at his own expense to provide space for his support, whether of wood 
or steel, and also to provide width at the working floor level to accommodate 
his equipment. 


Such a set up has been known to lead to numerous controversies in the 
administration of the contract, as it throws all hazards on the contractor. The 
resident engineer's hands are tied, as he cannot order the contractor to provide 
space for more adequate support should it become necessary. 


2. Set the pay line at some specified distance from the outside of the steel (or 
wood) support system, and provide for space at the working floor line. To 
keep control of the pay line, this procedure requires that several alternative 
support systems be chosen, approved and designed in advance of construction. 


During construction, the resident engineer is in position to approve or order 
whatever changes in the support system may be called for by an unexpected 
change in the rock conditions. 


This latter method of placing the pay line is becoming generally adopted as it 
reduces the hazard to the contractor. Hence it lowers unit prices, and thus lowers the 
cost to the owner in case favorable conditions are encountered. It insures a safer job 
and better workmanship. 


Pay line offset 


There is considerable variation in practice in setting the distance between the 
support or the design concrete line and the pay line. Pay lines have been set from 
5 inches to 13 inches beyond the design line or the support line. If too tight a pay line 
is set, unit prices for excavation and concrete will be higher and extras paid for at 
these prices wil be unduly high. If the pay line is too liberal, unnecessarily large 
quantities of excavation and concrete may involve higher expense than necessary. 


Contour of pay Excavation 


When the pay line is established with reference to the support, it is not parallel to 
the design line at all points because allowance must be made for wall plate hitches, 
extra width at working floor level or subgrade, extra height at the crown for concrete 
delivery pipe clearance, etc. The amount of departure depends on the method of attack 
and the type of support. Hence, if the pay line is established with reference to the 
support, it is necessary to establish a pay line for every one of the different types of 
support which may appear in the contract drawings. 


Because of this variation of pay lines it has become common practice among 
engineers to show alternate cross-sections of the tunnel, which depict several accept- 
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able types of support systems. These types will be selected to match the various 
methods of attack that may have to be used to get through the various kinds of rock 
to be encountered. A pay line will be set for each type. The ultimate cross-sections 
are not necessarily limited to those shown on the contract drawings, but these serve 
as a guide for establishing others if the necessity arises during construction. The advant- 
age of showing alternate acceptable cross-sections on the contract drawings is that the 
contractor gets a fairly definite idea of what to bid on which enables him to figure 
much closer and submit lower unit prices. 


Furthermore, when it comes to getting the job started, everybody's attention is 
directed to installation of equipment, opening up portals or sinking shafts, etc., and 
consideration of the support is: relegated to a later date. If support is shown, the 
drawings form the basis for procurement of at least the initial supply of support steel 
in time for the start of the job, with a minimum of encroachment on the time of busy 
persons. Changes, if desirable, can be made on subsequent releases. 


CONSTRUCTION MATERIAL FOR TUNNEL SUPPORT 


Steel versus wood support 


After the engineer has established the inside cross-section of the tunnel and chosen 
the general procedure for establishing the pay line, he should decide which material, 
steel or wood, will be shown in his basic sections. To facilitate this decision, a com- 
parison is made in this article between steel and wood as used in typical tunnel sections. 
Unless the circumstances are exceedingly unusual the use of steel support will show 
economies over the wood. Therefore, the engineer is usually justified in proceeding to 
set up his sections on the basis of steel, and investigating timber alternates later, if at 
all. 


Present trends 


Within the second quarter of this century steel has become almost universally 
adopted as the standard material for support in rock tunnels. Before that, timber sets 
were used almost exclusively. 


The trend from wood towards steel is due partly to the fact that the use of steel for 
tunnel supports reduces the cost of the tunnel, partly to the fact that it reduces 
very considerably the number of skilled workmen required to erect the support, and 
partly to the fact that steel encased in concrete is permanent. Part of the saving in 
cost is due to an increase in the speed of tunnel driving, and another part is due to a 
reduction of the yardage of excavation and concrete for a given inner cross-section 
of the finished tunnel. The following paragraphs deal with the factors which need to 
be considered when choosing between wood and steel. The discussion will be con- 
cluded by an example of steel-wood comparison. 


Speed and economy 


Development of pneumatic rock drills, the advent of the drill carriage, or jumbo 
and perfecting of mucking equipment have tremendously increased the speed of tunnel 
driving. They cut hours off the excavating cycle. Steel supports, that could be erected 
in minutes instead of hours, cut more time off the cycle. Furthermore, steel support 
reduced the cross section of the tunnel, (Figs. 49 and 50) thereby reducing drilling and 
mucking time still further. 


The result was a gain of one, two, or even three rounds in a 24-hour day. This 
extra advance per day has greatly lowered the cost per foot of tunnel, as it spreads 
the monthly overhead charges over a much greater footage. 
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Storage space requirements 


In some cases space at the top of the shaft is at a premium. Steel ribs store in 
considerably less space than timber sets. 


Skill required for support erection 


The preparation of the mitered joints of timber sets and the blocking of the timber 
sets in the tunnel requires skill and experience on the part of each carpenter engaged 
in the work. No special skill is required to erect steel sets although a certain amount of 
judgment is required in blocking. Even blocking requires less skill with steel sets, as 
the curved rib permits blocking wherever a favorable point in the overbreak is found. 


The timber sets require blocking at the mitered joints, whether overbreak conditions ot 
these points are good or not. 


NOTE: This Line represents the Outside 
Dia. of Full Circle Ribs, were this 
Section to be Converted to a Cir- 
cular Section to resist a Squeeze. 
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Fig. 51—Comparison of steel and wood supports 
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Quantities of excavation and concrete 


The fact that steel ribs can be safely embedded in the design concrete reduces the 
cross-section of the bore, thereby making important reductions in the quantity of both 
excavation and concrete. 


For instance, a tunnel requiring an 8-in. steel rib to support the roof would require 
a 12-in. or 16-in. timber set. This timber would require 12 in. or 16 in. of additional 
excavation all around the periphery of the tunnel, plus corners, above the bottom 
of the support. Furthermore, that additional space must be filled with concrete which 
has no other purpose than filling the space. 


The importance of the difference between the space required for the installation 
of the timber sets and steel supports can be inferred from Figs. 49 and 50 which show 
these two types of support side by side in two large tunnels. Fig. 51 illustrates the same 
difference in cross-sections. 


When evaluated at the bid unit prices, the difference in quantities of excavation 
and concrete represents an important saving. 


If the thickness of the concrete lining is determined by a specified factor of safety 
with respect to crushing, the quantity of both excavation and concrete can further be 
reduced, because a concrete shell reinforced by steel ribs can carry more per unit of 
thickness than a plain concrete shell. 


Standards of comparison between timber and steel support 


No direct comparison can be made between a timber and a steel beam. It cannot 
be said that a timber with so many square inches cross-sectional area is directly equal 
to a steel beam with such and such another sectional area. Nor can the section modulus, 
nor radius of gyration be used as conclusive criteria for evaluation. 


In order to compare the relative merits of steel and wood, two supports must be 
designed for the same station of the tunnel, one of steel, the other of wood. Both must 
be able to carry the rock load with equal margin of safety when installed in the tunnel. 
When making the comparison all the items must be considered which are influenced 
by the construction material used for the support. The most important items are yard- 
ages of excavation and concrete, erection time and labor cost. The yardages can 
be compared by computation but the estimate of erection time and labor cost com- 
parison is a matter of experience. 


Position of and load on tunnel support 

Steel ribs, as commonly used, are placed wholly within the design concrete, the 
outside flange being flush with the design concrete line. Timber sets, however, are 
usually placed outside the design line, with the inside face of the timber tangent to 
the design line. 


According to Chapter 5 the rock load per unit of width of the tunnel increases 
approximately in direct proportion to the width of the excavated space. The width of 
the excavated space for a tunnel with timber support is greater than that for the same 
tunnel with steel support. Hence the total load on the timber support is greater than 
that on the steel support due to both a higher unit load and greater span. 


Thrust and bending moments in set members 


The bending moments in the arch sections of both steel and timber supports 
depend on the spacing between the blocking points, which in turn depend on the rock 
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conditions. In this connection, distinction must be made between tunnel supports in 
9000 rock and in bad or heavy rock. 

In good rock, timber sets do not require any blocking except at the panel points. 
Between these points the members of timber sets are straight, and, as a consequence, 
the bending moments are zero. Steel ribs are curved between blocking points. There- 
fore the loads which act on the rib at the blocking points produce bending moments. 
Theoretically this fact constitutes a disadvantage of the steel rib when compared to 
a timber set in good rock. In reality it merely reduces somewhat the savings resulting 
from the use of steel. 


In contrast to good rock, bad rock requires either close blocking or else back 
packing, involving continuity of load transfer from the rock onto the ribs. If the blocks 
are closely spaced, the segments of timber sets are acted upon by rock loads not only 
at the panel points but also between these points. Since the timbers are straight 
between panel points, they carry their load as beams supported at both ends. The 
maximum bending moment in these beams increases with the square of the distance 
between the panel points. A single blocking point between panel points is sufficient to 
require that about half the rock load be carried by beam action. 


On the other hand, in steel ribs the bending moments decrease rapidly with 
increasing number of blocking points, and for continuous loading the bending moments 
are equal to zero. Ás the rock gets worse, the unit pressure on the tunnel support 
increases, but the spacing between the blocking points must be reduced. As a result, 
the bending moments in the steel ribs decrease in spite of the increase of the unit 
pressure, whereas the bending moments between the panel points in timber sets 
increase. Hence in bad rock the steel ribs perform at their maximum efficiency, because 
the bending stresses are very small compared to the compressive stresses, whereas the 
timber sets are subject to severe bending. The worse the rock, the greater is the 
economy resulting from use of steel. 


Effect of moisture 


The water conditions in the tunnel affect the allowable fibre stress in the timber. 
Most tunnels are at least damp, if not wet. Therefore the timbers are also moist if not 
wet. Moisture reduces the strength of timbers considerably, whereas the strength of 
steel is not affected by the presence of water or water vapor. Common practice is to 
reduce the allowable fibre stress where wood is “intermittently wet" and to make 
a further reduction for a "continuously wet" condition. 


Allowable stresses 


Whatever type of steel may be used as construction material for the steel ribs, the 
allowable stress for the steel has a definite value which can be ascertained in advance 
of construction. On the other hand, the allowable stresses for timber range between 
very wide limits. They are different not only for different kinds of timber, but also 
for different grades of the same kind. It is seldom practicable to specify in advance 
which kind and grade of timber should be used in a tunnel, whereas there can be 
no objection to specifying a steel with a definite strength. Hence the design of a timber 
support in advance of construction involves many uncertainties, whereas a steel support 
can be designed like a permanent structure, on the basis of figures which are well 
established. 


Method of comparing timber and steel alternatives 


According to the preceding discussions, the difference between the cost of tunnel. 
ing with steel and timber support depends on many factors other than the price of the 
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construction material per unit of strength and unit of cross-section of the members of 
the sets. Therefore no comparison tables of general validity can possibly be prepared. 
The comparison must be made for every tunnel individually. The procedure is illus- 
trated by the following example: 


Comparison of steel and timber supports 


Two typical tunnel supports are compared in Fig. 51, one side showing steel, the 
other, a timber support. The following data are to be used in preparing the designs 
and apply to both designs. 


Fibre Stress 


Steel, both compression and flexure, 24000 p.s.i. 
Wood, flexure, 1400 p.s.i., compression, 1100 p.s.i. 


Weight of Rock, assumed 170 lbs. per cu. ft. 


Design Concrete Line is used in determining the percentages of excavation and 
concrete as this line is the limit of the useful construction. 


Excess excavation and excess concrete indicate quantities beyond the design con- 
crete line. 


The quantities pertinent to the comparison are set forth in the following tabulation: 


Blocked Packed 
as used in Good Rock as used in Bad Rock 
Steel Timber Steel Timber 
Size of rib set________________ 8”x8 H 12" x 12" 8"x8"H 16" x 16" 
@ 31 dt @ 31 # 
Spacing of rib set__________- 4’ 0" 3 71" 4' 0" 2' 6" 
Spacing of Blocking Points ... 50" Max. Panel 0” 0” 
Points 
Load Carried________________ 19.8 ft. 19.8 ft. 25.5 ft. 25.5 ft. 
of Rock of Rock of Rock of Rock 
Excavation per foot of tunnel 
to Design Line— 
in cu. yds. 22 17.7 17.7 17.7 17.7 
percent __-------------—- 100% 100% 100% 100% 
Excavation per foot of tunnel 
to overbreak line— 
incu yds: موم سج دج‎ 20.1 22.7 20.1 23.3 
Excess excavation _______ 2.4 5.0 2.4 5.6 
percent _________________ 13.5% 28.2% 13.5% 31.6% 
Concrete per foot of tunnel 
to design line— 
in cu. yds: coon رت‎ 4.2 4.2 4.2 4.2 
percent |... ... 10096 100% 100% 100% 


Concrete per foot of tunnel 
with volume of support 


to overbreak line . 


to lagging in arch, 
overbreak lines on sides 
5.6 7.3 


deducted, in cu. yds... 6.6 8.5 
Excess concrete _________ 2.4 4.3 1.4 3.1 
percent _________________ 57.1% 102.4% 33.3 76 73.8% 
*Material in support structure 
per foot of tunnel__________ 492 lbs. 255 fbm 492 lbs. 991 fbm 


* This does not include lagging which would be about equal in both steel and wood structures. 
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Were it possible to chisel a tunnel out of intact rock, there would be no overbreak 
and no support would be required. In other words the tunnel could be built without 
spending any money on excess excavation and concrete. Hence any support supplied 
and any work done or material placed outside the design line represents an invest- 
ment that adds no value to the completed structure. Therefore the relative economy of 
the two support materials can be evaluated by comparing the cost of support, excess 
excavation, and excess concrete combined. The following tabulation indicates the 
method: 


Steel Wood 
Steel, 492 lbs. @_______ per lb, erected ..... 
Wood, 255 fbm @------- per 1000 fbm, erected | || || . . | یی‎ 
Excess excavation, 2.4 cu. yds. (2... per cu. yd. | ...... ۴ 
5.0 cu. yds. (2... per cu. yd. EES . 
Excess concrete,  24cu.yds.(0.. . per cu. yd. مم که‎ 
4.3 cu. yds. @_____- percu.yd. 2. °°, u 
Totals eet CC دي‎ 


The figures used in this tabulation are for the “blocked” condition of installation 
in so called "good" rock. Under the "packed" condition with severe loads, the saving 
effected by steel is considerably greater. 


When the costs are computed at unit prices contained in balanced bids on tunnels 
of comparable size, the steel shows important savings over timber. Considering in 
addition, the faster progress which can be made when using steel support the 
engineer usually finds that steel supports are more advantageous than timber sets. 


CONSTRUCTION PROCEDURE AND TYPE OF SUPPORT 


The excavating cycle 


In advancing a rock tunnel the usual sequence of operations is: 
1. Drilling 
2. Shooting—including clearing the tunnel, loading, and firing 
3. Ventilating 
4. Mucking 
9. Erecting support 


Shortening the elapsed time required for any one or all of these operations, speeds 
up the rate of driving, which in turn reduces the cost by reducing the gross overhead 
charges. 


Next to the invention of the mechanically operated drill, the advent of the drill 
carriage or jumbo has been the biggest factor in speeding up tunnel driving. It very 
materially shortens the time necessary to set up the drills, permits a large number of 
holes to be drilled simultaneously, permits "full face" operations by providing working 
platforms at convenient levels, and in many cases telescopes erecting time of the 
support system into the drilling operation time. Jumbos are shown in Figs. 52 and 53. 


Developments in ventilation and improvements in mucking and haulage equipment 
have also kept pace to contribute their share to more rapid tunneling. 


Steel support, which can be erected in a fraction of the time required to erect 
timber sets, has made an important contribution to excavating speed. 
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Effect of bridge action period on sequence of operations 


If the bridge action period is too short to permit mucking, it is necessary to 
change the sequence of operations and to support the roof prior to mucking. If the 
bridge action period is long enough to exclude the danger of important rock falls 
during the period of mucking, the normal cycle is adhered to and the support is usually 
erected from the drill carriage. Finally, if the bridge action period is considerably 
longer than a normal cycle, the support can be erected from another jumbo lined up 
behind the drill carriage, while drilling proceeds. This shortens the cycle quite con- 
siderably. 


Factors determining method of attack 


When choosing the support system the method of attack or method of excavation 
must be taken into consideration. The selection of the method always involves a 
compromise between an attempt to facilitate and accelerate the operation of mining 
and the necessity of supporting the rock before it starts to come down into the tunnel. 
Therefore the method of attack depends on the rock behavior and on the size and 
shape of the tunnel cross-section. 


The methods of attack most commonly used are: 


Full Face 

Heading and Bench 
Top Heading 

Side Drift 

Multiple Drift 


Less frequently used are the Top Drift, the Center Drift, the Bottom Drift, and the 
Bottom Heading methods, but these are usually followed by enlargement to full size in 
one or in two operations. Hence, if one of these methods is used, the most suitable 
type of support depends not on the initial but on the final phase of the method of 
attack. This final phase can be the full face (one operation) or else the heading and 
bench or top heading methods (two operations). 


Types of steel support systems 
Rock tunnel support systems of steel are roughly of five types: 
Continuous Rib Rib and Wall Plate 
Rib and Post Rib, Wall Plate and Post 


Full Circle Rib 


These principal support systems are illustrated by Figs. 54 to 58. Fig. 59 shows 
Invest Struts, in combination with continuous ribs. 


Elements of steel tunnel supports 


Every one of the steel tunnel supports listed above consists of two or more different 
elements, each of which serves a different function. Some of these elements, including 
the ribs, posts, wall plates, bracing and legging, constitute part of the support system. 
Others, including the crown bars and truss panels, are temporary expedients for 
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Fig. 54 Fig. 55 


CONTINUOUS RIB TYPE RIB and POST TYPE 
Usually made in two pieces for maxi- Used with the following methods of attack: 
mum speed of erection, lowest first cost, 

, _ and lowest erection cost. Sometimes used Full Face In tunnels whose roof 
in three or four pieces to meet special arch makes an angle with 
conditions. the side wall. 

! 

Used with the following methods of Multiple Drift In tunnels of such large 

t attack: size that 2-piece contin- 

۱ Side Drift uous ribs cannot be 

Full Face shipped and/or handled. 

۱ Side Drift 

i Heading and Bench fia ای‎ t in lind EHE 

۱ ; ۱ wi russ panels 
Multiple Drift Top Heading early support to roof. 
| 
L 


RIB, WALL PLATE, and POST TYPE 
Used with the following methods of attack: 


Heading and Bench 


| For quick support to roof. 


Top Heading 





Side Drift In large tunnels with bad 
rock conditions requiring 
quick support. 







Fig. 56 
RIB and WALL PLATE TYPE 


Rib usually made in two pieces for maximum Full Face For favorable rock where 
speed of erection, lowest first cost, and lowest support is not needed 
erection cost. Sometimes used in three or more tight to the face. 

pieces to meet special conditions. 





For tunnels whose roof 





Used with the following methods of attack: makes an angle with the 
Heading and Bench side wall. 
Top Heading Where post and rib 
Full Face spacing differ. 

This type is especially applicable to circular and ^ : 

high sided tunnel sections where only a light Shown with Double Shown with Flat 

roof support is needed. Beam Wall Plate Wall Plate 
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Fig. 58—Full circle rib type Fig. 59—Invert strut 
Used with the following methods of attack: Used where mild side pressures are encountered. 

Full Face In tunnels in squeezing, swelling and Also used to prevent bottom from heaving. 

crushed rock, or any rock that imposes 

considerable side pressure. 

Also where bottom conditions make it 

pe to carry roof loads on foot supporting the rock while the i el 

In earth tunnel conditions sometimes support is being erected. To these ele- 

encountered in rock tunnels. ments must be added the blocks or 
Heading and Bench Under earth tunnel conditions with back packing which transfer the rock 


joints at spring line. load onto the tunnel support, and also 


the hardware such as bolts and nuts 

and various auxiliary equipment which is used as an aid during erection of the tunnel 
support. 

The Rib, Rib and Post or Rib, Post and Invert Strut form a frame or "set" placed at 


right angles to the center line of the tunnel. The frames serve to receive the load and 
to transmit it to footings or else to carry it by ring action (as in full circle ribs). 


The Wall Plates serve as sills for the ribs. They transmit the load from the ribs 
through blocks or posts onto the rock. 


The Lagging bridges the space between the ribs and transmits rock load to the 
ribs. 

The Bracing is required to prevent buckling or shifting of ribs or posts, unless this 
purpose is served by lags which are attached to the frame. 


The Crown Bars are located in the crown of the tunnel, parallel to the center line. 
After shooting and ventilating, they can rapidly be slipped forward, to support the 
newly exposed roof by cantilever action beyond the ribs. They may also be used to 
support the roof temporarily while the bench is being taken out. 


The Truss Panels serve a function similar to the latter function of the crown bars. 
They are located at the spring line and constitute a temporary support for the ribs 
while taking out the bench, to be replaced by posts in the final stage of erection. 
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Fig. 58—Full circle rib type Fig. 59—Invert strut 


Used with the following methods of attack: Used where mild side pressures are encountered. 


Full Face In tunnels in squeezing, swelling and Also used to prevent bottom from heaving. 


crushed rock, or any rock that imposes 
considerable side pressure. 

Also where bottom conditions make it 
impossible to carry roof loads on foot 


blocks. supporting the rock while the tunnel 


In earth tunnel conditions sometimes support is being erected. To these ele- 
encountered in rock tunnels. ments must be added the blocks or 
Heading and Bench Under earth tunnel conditions with back packing which transfer the rock 


joints at spring line. load onto the tunnel support, and also 


the hardware such as bolts and nuts 
and various auxiliary equipment which is used as an aid during erection of the tunnel 


support. 


The Rib, Rib and Post or Rib, Post and Invert Strut form a frame or "set" placed at 
right angles to the center line of the tunnel. The frames serve to receive the load and 
to transmit it to footings or else to carry it by ring action (as in full circle ribs). 


The Wall Plates serve as sills for the ribs. They transmit the load from the ribs 
through blocks or posts onto the rock. 


The Lagging bridges the space between the ribs and transmits rock load to the 
ribs. 


The Bracing is required to prevent buckling or shifting of ribs or posts, unless this 
purpose is served by lags which are attached to the frame. 


The Crown Bars are located in the crown of the tunnel, parallel to the center line. 
After shooting and ventilating, they can rapidly be slipped forward, to support the 
newly exposed roof by cantilever action beyond the ribs. They may also be used to 
support the roof temporarily while the bench is being taken out. 


The Truss Panels serve a function similar to the latter function of the crown bars. 
They are located at the spring line and constitute a temporary support for the ribs 
while taking out the bench, to be replaced by posts in the final stage of erection. 
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Factors determining choice of support system 
When choosing the support system the following factors must be considered: 
Method of attack, 
Rock behavior, and 
Size and shape of the tunnel cross-section. 


To these factors must be added the limitations which are imposed upon the size of the 
individual members of the tunnel support, by the capacity of the means available for 
the transportation of the members from the factory to the job, and by the space which 
is available in the tunnel for manipulating the members into their final position. 


The following text contains a description of the principal methods of attack, of the 
types of steel support suitable for each, and the considerations influencing the selection 
of type of support. 


Full face method 


General Procedure. In a full face operation, the tunnel is blasted out full size at 
each round. Small size tunnels always were driven full face. Large tunnels were driven 
by "Heading and Bench," or some other method, due to difficulty of mounting drills on 
posts. The drill carriage, giving quick and easy access to all parts of the face no 
matter how. big, made full face the standard method, to be departed from only where 
rock behavior and the load-time factors dictate otherwise. By far the greatest footage 
of tunnel has been constructed by this method. À full face operation is shown in 
Fig. 60. 


This method is applicable to rock whose bridge action period is long enough to 
permit ventilating and mucking. 


Types of support. Wherever possible the Continuous Rib type of support is used. 
In its 2-piece form, Fig. 60, it is cheapest and can be erected more rapidly than other 
types. 


In a tunnel whose roof joins the side walls at an angle instead of a smooth curve, 
the Rib and Post type would ordinarily be used. See Fig. 61. There is nothing to prevent 
the roof rib and post being welded together at the spring line to make a two-piece 
set, but commonly the tunnel is of such size that the resulting rib could not be shipped 
or handled. The erection advantages of the two-piece rib can be secured by bolting 
the roof rib and the post together before erecting, if desired. 


The Rib and Post type is commonly used in large tunnels, such as double-track 
railroad or two-lane highway tunnels, to keep the size of. the rib segments within 
handling and shipping limitations. 


In tunnels with a large cross-section with high straight sides through good rock or in 
large circular tunnels, the Rib and Wall Plate type is frequently used, as shown in 
Fig. 62, as it is less expensive to set the wall plates in hitches or on pins at spring 
line than to bring the steel down to subgrade or working floor elevation. This type of 
support is also satisfactory for mining through spalling rock provided spalling occurs 
only in the roof. It is also usable in some stratified and even broken rock. However, in 
many cases it is extremely difficult to establish adequate support for the wall plate at 
any point above the floor line due to irregularity of the overbreak. Where heavy loads 
are encountered, as in some broken rock and decomposed rock, this type of support 
cannot be used as the loads must be carried on down to firm footings. 
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Fig. 64—Invert struts 


This photograph shows invert struts used to resist side and bottom pressure in squeezing rock. The steel rib 
sets with invert struts were originally installed in this fault zone without knee braces. Space between ribs was 
gunited flush with the ribs. Excessive side pressures caused failure of a few invert struts. These were replaced 
with heavier sections (the first three struts in the foreground) and the whole series both new and old were re- 
inforced with knee braces. 


The geologists' report on this stretch of tunnel is reproduced in Fig. 13, page 44. 


U. S. Bureau of Reclamation 
COLORADO-BIG THOMPSON PROJECT, ADAMS TUNNEL THROUGH CONTINENTAL DIVIDE 
West Portal, near Granby, Colorado 
Contractor: Platt Rogers, Inc. 
Tunnel dimensions: driven bore, 11-9“ wide by 12’-1” high, horseshoe; finished diameter, 9-۰ 
Support: continuous ribs and struts, 6” H-beams, 22.5 lbs. spaced at 1 ft. to 5 ft. centers. 


In large tunnels with high vertical sides in rock which has such a long bridge 
action period that steel support can be erected behind the drill carriage, the Rib, Wall 
Plate and Post type can be used to advantage. In this case, footings for the posts, often 
of concrete, can be prepared in advance. The posts are erected and capped by flat wall 
plates, which are merely a construction expedient. They form grooves into which the 
arch rib feet can be rapidly placed, without bolts. They also provide a convenient 
surface for horizontal blocking to take thrust. 


The Rib, Wall Plate and Post type preferably using the "Double Beam Wall Plate," 
may also be used in large vertical-side or horseshoe shape tunnels where roof loads 
are light and the post spacing can be greater than the rib spacing as shown in Fig. 63. 
The converse is also true, where roof loads are so heavy that more posts than ribs 
are required to carry the load. 


By means of the Rib, Wall Plate and Post type of support, sometimes supplemented 
by crown bars, the full face attack can be carried out even if the rock requires support 
before mucking. Immediately after ventilating, the roof ribs are erected on wall plates 


Fig. 65—Rib and invert strut failure 


Failure was due to overloading in the fault zone. Leg has failed under combination of vertical loads and 
horizontal pressures. The deformation of the flange at the foot of the rib is indicative of the intense side pressure. 
The reverse bend in the middle of the strut indicates heaving of the bottom or subsidence of the ends and con- 
sequent settling of the rib set. 


The ribs fail in the unworked straight leg. The Full Circle Rib type of support has been devised to meet pres- 
sure conditions that cause such failures as this. The full circle rib is not subject to bending and the working 
strength of the steel has been increased by cold forming. (See article on Improvement of Steel by Cold Working 
in Chapter 9.) 

U. S. Bureau of Reclamation 
PROVO RIVER PROJECT. ALPINE-DRAPER TUNNEL 
near Provo, Utah 
Contractor: Thompson-Markham Co. 
Tunnel dimensions: driven bore, 8'-8" wide by 8’-3}” high; finished diameter, 67-10’. 


Support: continuous ribs and invert struts, 6" H-beams, 27.5 lbs.; spacing variable. Other sizes and types of sup- 
port also used. 
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supported on pins projecting from holes drilled in the rock. While this support cannot 
take heavy loads, it can support the key stone of the half-dome until mucking is com- 
plete. The posts are installed under the wall plates while drilling is in progress for the 
next round. 


In crushed and swelling rock the Full Circle Rib type should be used. Where it is 
possible to convert the outside of the tunnel to a full circle, the rib steel performs at its 
highest efficiency. It resists pressure from any or all directions, top, sides, or bottom, 
equally well. A more detailed description of the full circle support is contained in 
Chapter 8, dealing with the methods for mining through squeezing or swelling rock. 
However, some tunnels, such as railroad or highway tunnels are not so easily converted 
to the full circle. Hence; because of their high sides other provisions must then be made 
for resisting side pressure and preventing a heave of the bottom. The most common one 
is the installation of the Invert Strut. These are placed across the bottom of each set 
to resist the side pressure by providing a horizontal reaction for the post. Being curved, 
the strut converts the side pressure to a downward pressure on the bottom thus pre- 
venting a heave. Invert struts are shown in Figs. 64 and 65. 


In such rock the posts of a high side tunnel perform also as vertical beams. They 
carry the heavy vertical loads as columns and in addition may have to resist sizeable 
horizontal pressures as beams. Hence they must have a large cross section and be 
closely spaced. 


Heading and bench method 


In this method, illustrated by Fig. 66, a top heading is carried ahead of the bench 
about 1 times the length of one round, usually about 6 to 16 ft. The heading has 
the full width of the tunnel and is carried down to the spring line. This method was 
standard for large tunnels prior to the advent of the drill carriage, as it provided a 
working surface on which to mount the drills for drilling the arch section of the face. 


Since then, however, it is used only where the bridge action period of the rock is 
so short that support is required immediately after blasting and ventilating. In such 
conditions it has two advantages: (1) Having the bench as a convenient work platform, 
temporary posts can be quickly placed under rock which shows signs of falling, or 
crown bars may be slid forward to hold the roof, before starting to erect steel. See 
Fig. 80, page 149; (2) Mucking can proceed 7 with the erection of roof 
steel in the heading. 


Both bench and heading are shot out at each round, the bench charges being 
fired first. The heading shots throw most of the heading muck out onto the bench 
muck pile, which is under the protection of the steel erected after the preceding round 
was fired. As soon as the air is clear, the roof is scaled down to drop any fragments 
which threaten to fall soon. Muck is cleared at the sides to make room for the wall 
plates and the steel support is then erected. The remaining muck is pushed out onto 
the bench muck pile, whereupon drilling for the next round can proceed. 


The type of steel support is limited to one which includes a wall plate, either 
"Rib and Wall Plate," or "Rib, Wall Plate and Post." The wall plate functions as a sill 
to carry the roof ribs, and in turn is supported by blocks and short posts, usually 
of wood, in the hitch. If steel posts to floor level are being used, the wall plate also 
functions to bridge the bench shot until the posts are installed after mucking. 


The "Rib, Wall Plate and Post" type may be supplemented by Truss Panels or 
Crown Bars, which are accessories developed to handle heavy loads that come quickly, 
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by supporting the intervening ribs while the bench is shot out. Their use is described 
later (see Chapter 7). 


Top heading 


Instead of taking out the bench along with the heading the top heading may be 
driven clear through as one operation, followed later by removal of the bench as 
another operation as illustrated in Figs. 67 and 68. The "Rib and Wall Plate” type of 
support is used in the heading, and posts may or may not be used when the bench is 
taken out. 


This method is applicable where bad roof conditions are known to exist in most of 
the tunnel. One of the main advantages of this method is that trouble is met and 
overcome in the smaller portion of the excavation, and when ready, the major portion 
of the excavation can be done faster, and without delays due to bad roof. There is also 
a powder economy over the full face method, as holes can be drilled vertically to 
shoot the bench. A disadvantage is that the roof loads have had a long time to build 
up. (See Fig. 63 where heavy roof loads bent the posts). Therefore when the bench is 
taken out, considerably more load must be transferred to the posts than in the "Head- 
ing and Bench" method. 


Wall plate drift 


Both "Heading and Bench" and "Top Heading" methods are sometimes supple- 
mented by drifts at each side on the spring line, advanced beyond the heading face 
to receive wall plates. These drifts are driven where the rock is so bad that only a 
short shot can be pulled in the heading. The purpose is to permit use of wall plates 
of sufficient length to equal or exceed the length ol the subsequent bench shots. See 
Fig. 66, page 131. 


Side drift 


The "Side Drift" method of attack is sometimes employed in a large size tunnel 
(such as a two-lane highway or a double-track railroad tunnel) through bad rock 
which requires support before mucking out. The "Rib, Wall Plate and Post" type of 
support is used, the wall plate being in the form of the "Flat Wall Plate." A drift is 
driven ahead at each side at subgrade wherein the posts and wall plates are erected. 
See Fig. 69. 


If the rock is not too bad, the operation may become full face from here on, as 
the wall plates will be exposed above the muck pile and the roof ribs can be quickly 
erected thereon before mucking out. Where extreme conditions are encountered, how- 
ever, breakups to the crown are made, leaving a central core. If necessary, temporary 
posts may be quickly placed between the core and the roof at dangerous spots, or 
crown bars may be slid forward to quickly catch up the roof. 


The roof ribs can then be placed on the wall plates and securely blocked to take 
the roof load, whereupon the temporary posts may be removed. If the working space 
is too constricted to permit mechanical handling of the segments of the conventional 
2-piece set, ribs composed of several segments are commonly used. 


The core may then be removed, or left in until after concreting as a support for 
the forms. 


The side drifts themaelves usually need support which is removed just prior to 
shooting out the core of the main tunnel, and is reused ahead. The support system used 
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and packed. The crown bars supporting the roof members of the top center drift are 
securely blocked to the ribs, whereupon the next advance can be made. 


The support for the main tunnel is the "Continuous Rib" type, usually in 2-piece 
form although it may be made of more than two pieces. The type of support for the 
drifts may be the two-piece "Continuous Rib" or the "Rib and Post” type. 


Other methods of attack 


As mentioned previously in this Chapter, there are other methods of attack. These 
involve drifts or headings at different positions in the tunnel bore which may be 
desirable for a number of reasons other than any connected with steel support. For 
instance, it may be desirable to drive a bottom drift ahead of the main excavation to 
explore and drain the rock ahead, or to increase the number of working faces. 


Or a center drift may be driven to explore the rock and permit breakups to the 
crown in bad stretches which can be supported in advance, thus avoiding slowdowns 
of the main excavation. Powder economy may be a consideration, as blasting from 
radial holes parallel to the plane of the face is more effective than from holes normal 
to the face. The Fort Peck Dam Tunnels were constructed with a center drift as shown 
in Fig. 47, page 106. 


A center drift is highly desirable in swelling rock, to permit a relaxation of the 
stresses in the rock and to collect reliable information on the pressures exerted by the 
rock. 


Inasmuch as all these other methods are eventually superseded by the Full Face 
or the Top Heading method as soon as enlarging starts, no discussion is needed. The 
main tunnel support is not installed until the process of excavation has arrived at either 
one of these two stages. The drift would ordinarily be supported by the 2-piece 
"Continuous Rib," or the "Rib and Post" type. The "Full Circle Rib" type is most 
desirable for a drift through squeezing or swelling ground. 


Design of tunnel support 


After the type of support has been selected for the principal rock conditions which 
are likely to be encountered in a proposed tunnel, the contract drawings for the 
supports are prepared. Earlier in this chapter the elements of which the different 
tunnel supports are composed were listed. These elements can be divided into three 
groups. The first group contains the ribs, posts and invert struts which are oriented at 
right angles to the center line of the tunnel. They transmit the rock load onto rock- 
supported blocks or footings. The second group includes the wall plates, crown bars, 
truss panels and the bracing. Since all of them are located lengthwise, parallel to the 
center line of the tunnel, they constitute the longitudinal members of the tunnel support. 
The third group includes the lagging, which bridges the spaces between the ribs. 


In order to design a steel tunnel support in accordance with the requirements of 
the job, the engineer must first of all be familiar with the types and with the functions 
of each element. These are described in the following Chapters 7 and 8. Chapter 7 
deals with the elements of tunnel support to be used under normal conditions; Chapter 
8 with tunnel supports required when mining in soft or swelling ground. 


The last step in designing a tunnel support is a stress computation, to make sure 
that the stresses in the members of the tunnel support are within allowable limits. The 
methods of stress computation are covered by Section III. 
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light one. The erection cost per rib is about the same, heavy or light. At a wider spacing 
a greater length of tunnel is supported, hence the rib cost is less. 


On the other hand, with increasing spacing the free span of the lagging increases. 
Since the lagging transmits the load from the rock onto the ribs, the required strength 
and the cost of the lagging increases with rib spacing. Hence the spacing should be 
chosen such that the sum of the cost of ribs and of lagging is a minimum. Experience 
indicates that this condition is satisfied if the spacing is about 4 ft. for moderate rock 
loads, 2 to 3 ft. for heavy rock, and 5 ft. for very light loading. With these figures in 
mind the spacing must be adapted to the special requirements of the job. Thus, for 
instance, in rock which requires support tight to the face the spacing should be an 
even fraction of the length of the shot pulled. If safety niches, junction boxes, ventilat- 
ing flues or other appurtenances are to be incorporated into the concrete lining, the 
spacing should be chosen such that the ribs are located between them. In other cases, 
the spacing is determined by the size of prefabricated lags, or by the dimensions of 
the concrete forms, because the construction joints should be located between the ribs. 


Required strength of ribs 


The required strength of the ribs is determined by the estimated rock load and the 
spacing. The estimate of the rock load is based on geological data. In Chapter 5 it has 
been shown that the geological data often leave a wide margin for interpretation, 
because the character of fault zones and the presence or absence of zones of hydro- 
thermal alterations can never be predicted with certainty. Furthermore, the rock 
conditions always change to some extent from place to place. Even if a tunnel crosses 
a ridge containing only one type of rock, the load on the tunnel support changes as 
the tunnel passes from the zone of surface weathering into the less altered core of 
the ridge, and the importance of the change can only be guessed at in advance of 
construction. Hence when studying his tunnel problem the engineer should always 
think in terms of probabilities and not of certainties. Both the most favorable and most 
unfavorable possibilities need to be considered. 


Demonstrated by examples in Chapter 5, the range of loading for any given rock 
in different conditions is extremely wide. Hence it is quite obvious that one assumption 
of loading would be uneconomical. To assume too light a loading leads to use of ribs 
which fail in the load increase period. "Jump sets" installed to relieve failing ribs, as 
shown in Fig. 71, cost far more in extra ribs and tunnel labor than the extra cost of 
ribs of adequate strength put in at the original installation. Furthermore, when it 
becomes apparent, during the load increase period, that the ribs are too light, the 
future spacing will inevitably be reduced, with the attendant higher cost per foot of tun- 
nel. Conversely, to assume a loading that approaches the worst condition leads to use 
of unnecessarily heavy ribs in long stretches of tunnel. 


The extremes of roof loading for the various rock conditions (where no side pres- 
sure is anticipated) can be tabulated. On the basis of this tabulation an assumption 
can be made of an intermediate loading that may reasonably be expected to prevail 
in the major portion of the tunnel. The next step is to choose the normal rib spacing 
in accordance with the rock conditions (4 to 5 ft. for light, 4 ft. for medium, and 2 to 3 
ft. for heavy loads) and to select a rib which can carry the estimated load per rib. 
This rib constitutes the "standard" rib. The standard rib would safely carry all loads 
lighter than the intermediate loading, but for reasons of economy a "light" rib should 
also be selected. To sustain the heavier loads a "heavy" rib is selected. These ribs 
can be shown on the tunnel cross sections. 
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When the geological data or local experiences indicate the presence of fault 
zones, or zones of advanced chemical alteration of the rock, one should be prepared 
to.cope with extra heavy loading and heavy side pressures. Crushed rock, squeezing 
rock, and swelling rock create such conditions. The most effective way to deal with 
them is to convert the tunnel to a full circle, even though very considerable quantities 
of extra excavation and concrete may be required to maintain inside clearances. Fig. 
72, a to d illustrate such conditions which were met by conversion to a circular section. 


In Chapter 5 it was mentioned that reliable data concerning the pressure exerted 
by swelling rock are very scarce. The pressures discussed in that chapter were esti- 
mated on the basis of what was observed when timber sets failed and the records 
of the failures contained hardly any information on the amount of inward movement 
of the rock which produced the failures. However, by using a full circle rib the 
engineer can make sure he is getting the maximum results from each pound of steel 
in the ribs. 

The bending stresses in properly installed full circle ribs are almost zero and since 
the ribs are cold worked in all portions, their strength is much higher than ordinary 
structural steel. (See Chapter 9). 


The wise engineer takes one additional step. He provides in his specifications for 
an initial supply of each weight of rib and further provides that a reasonable reserve 
stock of each will be maintained. 


Spacing changes versus weight changes 


As the loading changes from one portion of the tunnel to another, it is more 
desirable to change the weight of the steel rib than to change the spacing, as indicated 
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Fig. 73—Proper use of various weight ribs in tunnel through a ridge 


in Fig. 73. If supplies of the various weights are on hand, this change can be made 
without trouble. Bracing and lagging lengths remain constant. But if only one profile 
or weight of steel is available, the spacing must be changed, with the attendant 
trouble and expense of changes in bracing and lagging. With ribs of several weights 
on the job most conditions can be met, but a spacing change is still possible to cope 
with emergencies. 
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Rib cross-section and depth 


Ribs generally are fabricated of structural beams. H-beams or Wide Flange beams 
are preferable to I-beams as the wider flanges provide more generous surfaces for 
blocking and lagging, and the section has greater resistance against twisting. Chan- 
nel sections are not suitable as their unsymmetrical section invites twisting, and their 
flanges are too narrow. In small tunnels, however, channels bent about their minor 
axis are quite acceptable under ordinary loads as in Fig. 127, page 206. 


When choosing the profiles with different weights it is usually advisable to select 
beams of equal depth. This avoids complications associated with changes in pay lines, 
clearances, etc. 


Length of rib sections 


In general, the fewer the joints in a rib set, the lower are the costs of material 
and of the labor involved in erecting the rib. In this respect the two-piece set deserves 
the preference over the multi-piece sets. However, the members of two-piece sets for 
large tunnels are very long and their chord depth is great. In order to find out whether 
2:piece ribs with very large dimensions are practicable, both the shipping and the 
handling limitations to size and weight must be considered. 


Rail or truck transportation imposes certain definite limitations on the physical 
dimensions of ribs. When these limits are reached, it is necessary to divide rib sets into 
three or four pieces, or a "Continuous Rib" type of support may have to be changed 
to a "Rib and Post" type. 


The shipping limitations must be taken for granted and can hardly be changed. 
On the other hand, the handling limitations depend to a large extent on the layout of 
the job. By properly planning the job it may be possible to avoid the necessity of 
using the more expensive multi-piece set and to install two-piece sets instead. Hence 
the handling limitations deserve careful attention in the layout stage of the project. 
Thus, for instance, proper provisions should be made for the transportation of the rib 
sections within the tunnel, and on the drill carriage or "jumbo" for erection. If driving 
a tunnel from a shaft, provision should be made in the shaft and skip, and especially 
at the "eye" (or connection from shaft to tunnel) for getting the longest ribs into the 
tunnel. If consideration is given to this at the time of laying out the job this provision 
can be satisfied at little or no extra expense. 


Posts 


The posts serve to transmit the rock load from the arch ribs to footings on the bot- 
tom of the tunnel. The spacing between the posts is commonly equal to that of the 
ribs. However, by inserting between the ribs and the posts a stiff longitudinal beam 
(wall plate), the spacing of the posts can be made independent of that of the ribs. 


Since the posts act as columns, they are as a rule made of H-beams. The depth of 
these beams is commonly the same as that of the ribs though in many cases they can 
be of a lighter section as long as no side pressure is present. If side pressure acts on 
the posts they must be proportioned to act as vertical beams as well as columns. 


Invert struts 


Where side pressures are present and the tunnel section has not been converted to 
a full circle, it is necessary to prevent the inward movement of the rib or post feet. 
Side pressure is often accompanied by an upward movement of the bottom and more 
frequently by a "soft bottom" which will not sustain the load imposed by the footings. 
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Invert struts are used under these conditions. Such struts are shown in Fig. 74. 
These members extend across the tunnel at subgrade. They are so attached to the 
vertical members that they receive the horizontal pressures and in addition all or part 
of the vertical loads. They are curved to form an inverted arch. Curved struts can 
transmit to the invert much heavier loads than straight beams of equal weight and 
distribute them more uniformly. 


LONGITUDINAL MEMBERS 
Types and functions of wall plate 


Three types of wall plates are commonly used. They are designated as Double 
Beam, Single Beam and Flat Wall Plates. 


Double Beam Wall Plates comprise two I-beams side by side, as shown in Fig. 
75, webs vertical, with about a 4-in. space between flanges 
to give access to the clamping bolt and admit concrete. The 
beams are spaced by vertical diaphragms welded under each 
rib seat. Ribs and posts are clamped by toggle plates and 
bolts, thus avoiding the time required for matching bolt holes. 
This method of attachment also permits variable spacing of 
either or both the ribs and the posts. This type of beam pro- 
vides a broad surface of contact for blocking and to engage 
ribs and posts. Its box section makes it stable with respect 
to rolling and twisting. 


Single Beam Wall Plates are H-beams, with web vertical as illustrated in Fig. 76. 
To enable them to transmit vertical loads from rib to post, they are 
reinforced at each rib seat with vertical T-shaped diaphragm plates. 
Attachment of ribs and posts is made by bolting through the flanges. 
This type of wall plate has been largely superseded by the "Double," 
Fig. 75, which permits faster rib and post erection and variable 
spacing, and is stronger and cheaper. 
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Fig. 76 i Flat Wall Plates, Fig 77 are I-beams or Wide Flange 
beams used with their webs horizontal. They function merely 
as a cap for the posts and a sill for erecting roof ribs. The 
web is punched with vent holes to prevent trapping of air 
when concrete is poured. These holes also serve to pass 
reinforcing rods if any are required in the concrete design. 
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The double and single beam wall plates are intended to resist bending in vertical 
planes. Therefore they can be and are used to transmit the loads from the ribs onto 
blocks or posts with a spacing different from that of the ribs. On the other hand, flat 
wall plates merely serve as an erection expedient and a convenient surface for 
horizontal blocking. Their resistance to bending in vertical planes is very small. Hence 
if flat wall plates are used, a post must be placed under each rib. 


If the term "Wall Plate" is used in this text without qualification, it always 
indicates a wall plate with vertical web: namely, the double or single beam types. 
Wall plates with horizontal webs are specifically referred to as "flat" wall plates. 
Position of wall plates in tunnel 


The wall plate of the "Rib and Wall Plate" type of support is placed well outside 
the design concrete line in a hitch or pocket blasted out to receive it as shown in 
Fig. 78. The bottom is usually at, or some small distance above, the spring line. 
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When so placed it can be supported vertically by blocks or short posts which will be 
entirely outside the design concrete and therefore will not be unduly disturbed by the 
bench shots. These posts wil vary in length and spacing to meet favorable spots m 
the overbreak. The posts may be of wood or steel, preferably of steel. 
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Fig. 78—Wall plate in hitch N 


On the other hand, as used in the "Rib, Wall Plate and Post" type of support, the 
wall plate is located wholly or partly within the design concrete line so as to minimize 
the width required to get in the posts which extend down to subgrade. 








Wall plate in full face operation 
When used in a full face operation, the wall plate is erected on pins projecting 
from holes drilled in the side wall just below the wall plate elevation. It is blocked to 
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line and grade, and then the roof ribs are erected and blocked. See Fig. 62, page 126. 
Posts and blocks are subsequently installed to support the wall plate vertically and 
horizontally, using favorable spots in the overbreak. Roof support erection may be 
carried tight to the face because of a short bridge-action period but if this period is 
long enough, support may be erected some distance back from the face. 


Wall plate in heading 


When the "Heading and Bench" or "Top Heading" method is used, it is because 
early support is needed for the roof. When this method is used the wall plate is placed 
on the bench, blocked to line and grade, and the roof ribs are immediately erected 
thereon. This use places a definite limit on the length of the wall plate, which cannot 
exceed the length of the top heading shot. It further limits the length of the bench 
shots, as these cannot exceed the length of the wall plate. 
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Fig. 79—Steel crown bar 


In cases where the heading is knocked down with light shots, the wall plate would 
be entirely too short. Wall plate drifts are then shot out ahead of the heading face and 
the wall plates in appropriate lengths are blocked therein. 


Blasting the bench takes out the blocking from under the wall plate for the length 
of the shot. The forward end rests on the remaining bench, but the rear end is carried 
by the splice attaching it to the next wall plate which, in turn, is carried by the posts. 
Therefore, its capacity 1s limited. 


In most rock this support is sufficient to carry the roof until the posts can be 
installed, but in some cases rather severe loads come quickly. In such cases, supple- 
mentary support can be supplied by "Crown Bars" or "Truss Panels." 


Crown bars 


Crown bars may be built up of double channels as shown in Fig. 79 or may be 
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Crown bars are an accessory, a construction expedient, intended to carry loads till 
the rib sets can be erected and the loads permanently transferred thereto. They have 
one of two functions: (1) to support the roof immediately after ventilating and thereby 
gain time for the installation of ribs, or (2) to support the roof or roof ribs over the 
bench shot thereby relieving or supplementing the wall plates. 


It happens frequently that a short bridge-action period requiring the heading and 
bench method and crown bars for immediate roof support (function No. 1 above) is 
accompanied by heavy loading. This loading may exceed the ability of the wall plates 
to carry it across the bench shots. For this condition a second set of crown bars is 
required to supplement the wall plates, (function No. 2 above). It is not possible to 
assign both functions to one set of crown bars as they are needed at different stages 
of the excavating cycle. The crown bars that carry the new roof (function No. 1) must 
be free to move forward immediately after blasting, whereas the set that relieves the 
wall plates cannot be free to advance till mucking and posting under the wall plates is 
done, which will be some considerable time later. 


Crown bars for immediate support are advanced to the face as soon after 
ventilating as the roof can be scaled down. When blocked, they support the roof by 
cantilever action from the last rib as 
shown in Figs. 80 and 81. Fig. 82 shows 
crown bars supporting the roof while in- 
stallation of the ribs proceeds. Crown سح‎ 
bars are also shown in Fig. 1, page 18. 

If the mining operation has been con- 
ducted without crown bars, emergency 

crown bars of heavy timbers may be 
placed as shown in Fig. 83. Having thus 

caught up the roof time is gained to erect 

and block the roof ribs to relieve the 

crown bars, which are thus freed for the Fig. 83—Emergency crown bars 
next advance. 





Crown bars to supplement wall plates are not advanced till mucking, posting, and 
erection of the new roof ribs in the heading has been completed. This is usually done 
while drilling for the next round. When advanced, the forward ends are supported by 
the newly erected ribs and the rear ends by the newly posted ribs, thus spanning the 
next bench shot. If the crown bars are located outside the ribs, that section of roof over 
the next bench shot is blocked to the crown bars as shown in Fig. 84. On the other 
hand, if the crown bars are attached to the inside of the ribs, the ribs over the bench 
shot are wedged from the crown bars as shown in Fig. 85. Thus they function to carry 
the roof loads for the next cycle. 


When it is necessary to advance by short shots the crown bars relieve the load 
on the wall plates and thereby eliminate the necessity for wall plate drifts. 


The manipulation of crown bars involves considerable extra work, performed at 
the most awkward place in the tunnel, in the crown. Furthermore, if the crown bars 
are positioned outside the ribs as in Figs. 80 and 84 considerable extra excavation, 
concrete and grout are required. If immediate roof support is required the use of crown 
bars usually cannot be avoided. But when loads are too heavy for wall plates to 
sustain over the bench shots, another accessory has been devised which eliminates 
the crown bars and even the wall plates themselves. These are "Truss Panels." 
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Fig. 85—Crown bars hung from the ribs support the ribs over the bench shot 


Truss panels 


Truss Panels constitute an accessory for use with the combination of "Rib and 
pist” types of support, the "Heading and Bench" or "Top Heading" methods of attack, 


PEN etd heetvy roof loads. Their purpose is to form, in combination with the ribs, a truss 
l lo apun the yup produced by the bench shot. 
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The flat wall plate is particularly useful under the following circumstances: (1) 
when using the "Rib, Wall Plate and Post" type of support with "Full Face," and 
"Side Drift" methods of attack, the posts are erected first, capped by the wall plate 
which forms a slot or groove in which to quickly set the roof ribs, and provides a 
surface against which the horizontal blocking can be wedged; (2) when using the 
same type of support in the "Heading and Bench" or the "Top Heading" attacks, 
with "Truss Panels" to bridge the bench shot, the flat wall plate may be used to keep 
the rib feet lined up horizontally and to take the horizontal thrust from the ribs; (3) 
when using the "Full Circle Rib" type of support, with earth tunneling methods through 
crushed rock in a fault zone or elsewhere, the flat wall plate may be used to 
advantage. The ribs are divided at spring line and the tunnel driven heading and 
bench without or with wall plate drifts, as shown in Fig. 66, page 131. 


Bracing 


Longitudinal bracing serves to increase the resistance of ribs and posts to buckling 
about their minor axis and to prevent a displacement of these set members during 
blasting. If the space between the ribs or posts is bridged by lagging which is firmly 
attached to the webs, no such bracing is required. 


The most common types of bracing are known as "Tie Rods and Collar Braces" 
Figs. 87 and 88, and "Spreaders" Fig. 89. 


— ee — Collar Brace 
$ «t 
__—Removed before Concreting 





Tie Rods usually are 5 8-in. or 3/4-in. rods, with thread and a nut on each end. 
The length is slightly more than the spacing of the ribs. Collar Braces are commonly 
pieces of timber, 3 x 4-in., 4 x 6-in., 6 x 6-in., or any convenient size. The length is equal 
to the rib spacing minus the web thickness. Holes in pairs, are provided in the web of 
ribs and posts for the tie rods. Collar braces are set in line between ribs, tie rods entered 
and the nuts tightened. Wood collar braces are usually removed before concreting. 


Spreaders may be angles, channels, or I-beams, with a clip angle or plate welded 
on each end for bolting to the rib sets. These are left in the concrete. 


In tunnels where rib spacing varies, the tie rod and collar brace type of bracing 
can be conveniently employed, as the tie rods can be furnished in "mill" lengths, to 
be cut off and threaded on the job. They and the collar braces can be cut to length as 
required by each day's mining. 


Spacing of bracing is usually determined so that there will be a brace near the 
end of each member of the rib set, with intermediate braces spaced not over 5 ft. apart. 
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Longitudinal Section 


Fig. 93—Shed-water lagging 


Shed-Water Lagging, Fig. 93, is a purlin-plate type of lagging in which specially 
ribbed light plates cover the outer flanges of the rib sets as well as the purlins. 
Adjacent plates overlap in both directions, thus enclosing the whole structure in a 
water-diverting skin of steel. All fastenings are welded to the inside to avoid the 
possibility of leakage through the lagging. This lagging diverts dripping or flowing 
water to the sides of the tunnel where it may be drained off. 


Spacing between lags 


The lags which compose certain types of lagging can be placed either with fairly 
wide interstices between them or else skin tight. Lagging with spaced lags is known as 
"Skeleton" or "Open" lagging in contrast to the "Tight" lagging which constitutes a 
continuous, rib-supported shell. 


Skeleton lagging 


The skeleton lagging is intended to receive loads from rock located between ribs 
without preventing the flow of concrete into the space behind the lags. By far the 
greatest footage of tunnel is driven with this form of lagging, suitable as protection 
against spalls, and to hold stratified broken rock. Fig. 94 illustrates this type. The 
lags are spaced far enough apart to permit passage of the concrete (not less than 3 
in.), but yet close enough to catch any dangerously large spall. When the job is ready 
for concreting, lags which are not under load are removed to allow the easiest possible 
passage of concrete. 


Wood, Channel, or Beam lagging are the types used for skeleton lagging. Antici- 
pated loads, space limitations, rib spacing, and comparative cost determine the choice. 
As a rule, the spacing will be closest at the crown, increasing rapidly down to spring 
line. On the sides only an occasional lag is used, if any. As there are inevitably a 
large number left embedded in the concrete, the current practice increasingly favors 
steel lagging. Wood may rot out in time creating semi-voids in the concrete; whereas 
steel, encased in concrete, is permanent. 


Attachment of skeleton lagging 


The elements of a skeleton lagging are fastened to the ribs by means of bolts, 
clip angles or clamps. 
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Packing in large cavities 


Large cavities can be present in the rock prior to tunneling, such as caves in lime- 
stone. They may originate during mining, by masses of rock dropping out of the roof 
before the support is installed, or by broken or crushed rock flowing into the tunnel 
through gaps between lags. 


If the cavities are not wider or higher than a few feet, the communication between 
cavity and the tunnel is intercepted by tight lagging and the cavity is filled with "one- 
man stones" retained by the lagging. The stones eliminate the necessity to prop up 
the roof of the cavity and they reduce the quantity of grout which is required to seal 
the hole after the permanent lining is built. 


If the height of a cavity above the roof exceeds ten or fifteen feet, it is customary 
to cover the lagging beneath the hole with tunnel spoil to a thickness of five to ten 
feet and to leave the balance of the cavity open. The layer of spoil cushions the impact 
of stones which may drop out later from the roof of the cavity. 


Packing in seamy, water-bearing rock 


In seamy, water-bearing rock the tunnel support is lined with shed-water lagging 
and the packing serves as a drain. Such dry pack can be made out of any accumula- 
tion of fairly sound pieces of rock, provided it does not contain any fragments smaller 
than two or three inches. If the rock in the tunnel is suitable, the dry pack can be 
obtained by hand picking or by passing the tunnel spoil through a screen. 


Packing in broken, crushed, decomposed or slaking rock 


When tunneling through the rocks listed in this heading the packing serves to 
transmit the rock load onto the lagging over the entire outside of the lagging. This 
purpose can be achieved by filing the space between lagging and rock with any 
suitable material such as tunnel spoil, dry or wet concrete, pea gravel or wood. 


All these packing materials, with the possible exceptions of some types of wood 
packing, require tight lagging. If wood packing consists of poles or slabs, it can be used 
in combination with skeleton lagging or even without any lagging. However, wood 
packing is now largely discontinued, because the decay of the timber gradually 
deprives the adjoining rock of its support and may lead to movements in the rock 
associated with the development of unsymmetrical loads. Many serious tunnel defects 
which developed years or decades after construction were found to be due to the decay 
of large quantities of timber left in the ground. After the tunnel lining is constructed, 
the material which occupies the space behind the lagging is consolidated by cement 
grouting. 


Dry pack 


Dry pack usually consists of tunnel spoil shoveled or hand packed into the space 
between the lagging and the rock. It is usually placed simultaneously with the erection 
of the lagging. Starting at the lowest point, a few lags are placed, and tunnel spoil is 
shoveled in behind. This procedure is carried up to the crown at which point it is 
necessary to pack endwise. 


Dry pack, as shown in Fig. 101, may be used wherever packing is required but it 
must be used where water is to be diverted by the shed-water type of lagging. Any 
type of tight lagging may be used with dry pack. With liner plate lagging it is 
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Wet Concrete Packing should be of the leanest mix which can be placed with a 
pneumatic placer or concrete pump. If wet concrete is placed by machine, the 
support system can be erected and lightly blocked, allowing the other tunnel operations, 
such as drilling to proceed. The concrete can be placed while drilling is in progress. 


Wet concrete packing can be used under the same circumstances as dry concrete. 
Liner plate lagging is the type most suitable for wet concrete, as it is tight enough to 
hold it. 


Pea gravel packing 


Pea gravel packing is a highly desirable kind of packing for most purposes. How- 
ever, so far, it has not been practiced in rock tunnels. The gravel is blown through 
holes provided in the lagging or endwise over the last rib set. Since the cost of labor 
and material are low, this type of packing deserves the consideration of the rock tunnel 
builder. 


Blowing of gravel is standard practice in shield-driven tunnels, to fill the annular 
space around the lining left by the advancing tail of the shield. Gravel is blown through 
the grout holes provided in the liner segments as the shield is shoved forward. Gravel 
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was used extensively in the Chicago Subway tunnels, not only on the shield-driven 
contracts but in the hand-mined tunnels to fill the overmined space outside the liner 
plates, as shown in Fig. 102. 
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The equipment for blowing gravel is quite simple. The essential parts are shown 
in Fig. 103. 


The gravel hose may terminate in a pipe nipple which can be shoved through 
holes in the lagging or backward over the last rib, or it may be equipped with the 
"Quick Acting Connector" (Fig. 48, page 265) which engages elongated holes provided 
in any of the types of tight steel lagging, thus making gravel blowing quick and easy. 
Advantages of using gravel as backpacking are: 


It permits the steel support to be quickly erected. Dry pack or dry concrete 
slows down support erection as these packings are installed while erect- 
ing. Gravel can be blown in later, while drilling. 


It is not messy, like wet concrete. 

It is cheap, involving low cost of labor and material. 

It makes an effective fill. 

Gravel packing is obligatory in connection with yielding support in swelling rock 
but otherwise it can be used anywhere except where the shed-water lagging is required 
for diverting water. Any type of tight lagging is suitable for being back filled with 


gravel. Any of the steel laggings, except the beam type, permit gravel to be blown 
through holes in the steel skin. 


Grouting 


Grouting to fill any spaces outside the concrete lining is usually done after the 
concrete is in place. But there are occasions where it is desirable to do grouting at low 
pressure soon after packing. Usually this is done only in connection with dry pack. 


If grouting is to be done prior to concreting, liner plate lagging is required. It 
will hold grout at low pressures, especially if oats are added to the grout mix. If 
somewhat higher pressures are to be used, the liner plates can be fitted with roofing 
felt gaskets. Fig. 72 on page 141 shows a tunnel grouted in this manner. 
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Chapter £ 
TUNNELS IN SOFT OR SQUEEZING GROUND 


NORMAL AND EXCEPTIONAL TUNNELING CONDITIONS 


Most of the footage of the existing rock tunnels has been constructed under the 
following conditions: The rock was excavated by blasting; the rock was strong enough 
to bridge the gap produced by firing a round at least until the heading was ventilated; 
the side pressure was zero or relatively low and the bottom of the tunnel was firm 
enough to support the footings of the ribs. These can be considered normal conditions 
in rock tunneling. The supports which are adapted to such conditions were described 
in the preceding chapters. 


However, now and then, rock conditions are encountered which differ from the 
normal conditions in one or several respects. The most common deviations from normal 
are the following. The rock is so thoroughly crushed or decomposed that it does not 
require blasting. The tunnel may also intersect a buried valley filled with soft sediments. 
If such conditions are encountered, earth tunneling methods must be used. A brief 
description of these methods is contained in the next article. A more comprehensive 
treatment of the same subject will be presented in a companion volume “Earth Tun- 
neling with Steel Support.” Other abnormal rock conditions are known as squeezing 
and swelling conditions. 


The term squeezing rock is applied to a rock or rock-derivative which squeezes into 
the tunnel wherever it is not held back by a tunnel support. A normal squeeze is noth- 
ing else but the rock deformation associated with the formation of the ground cylinder. 
It is exclusively due to the overburden pressure and to whatever residual horizontal 
pressures may act in the rock. 


The squeezing rocks represent materials intermediate between rock and clay. 
Initially the rock may be hard enough to require blasting or it may be soft enough to 
be excavated with pneumatic spades. If they require blasting, rock tunneling methods 
can be used, but heavy side pressure combined with a tendency of the bottom to 
heave may require radical departure from the normal types of tunnel supports. If 
the squeeze is chiefly due to volume expansion, the squeezing rock constitutes a 
swelling rock. 


EARTH TUNNELING IN ROCK TUNNELS 


Factors determining earth tunneling technique 


The technique of mining through earth depends chiefly on the bridge-action period 
of the earth above the roof and on the position of the tunnel with reference to the 
water table. 


Tunneling through cohesive earth 


Since no explosives are used excavation can immediately be followed by the 
construction of the support. Furthermore the distance between ribs seldom exceeds 
three feet. Hence if the earth has some cohesion, the roof exposed by mining ahead 
of the last rib can always stand up until the next support is erected, lagged and 
packed. 
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Cause: g- وط‎ of the bottom. It also creates: ihe. danger: of loss of. ‘ground: due to ا تام‎ 
being washed inta the. tunnel, Hence if on Borih: tunnel is. located: a. a: 0 Bk less Una 
Hes about. 80 ES منهج‎ is ' done under compressed « air.. ERRA TE EEAS ms 
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AL 106—Forepaling with steel spilea. 


Spiling driven ahead of the loce serves the same purpose as پر‎ piling i in op open excoretion. Rumes 
o! the Soff ground above and af tbe: sides e the tunnel is thus forestalied. 


Cantilever spiling of ۱۵ in. channels was used in wet sand. gravel ond Poales. Fiero 2-2 of ike 
lace was required to prevent rans, Severe loads; eres امم‎ this- fannel 3 was: at hollow depth. eee dob: © 
ling ap ot the ط٤‎ gs seen m the. far three Courses. 

. S EAE HE New York City, Dept. ol Public Works. ۱ 
e WARTS ISLAND SEWAGE TREATMENT ۹ EXTENSION TO BRON, INTERCEPTING SEWER 0 
تا کی‎ York City — aa 
Conbacter: Arthur A. HONO à Corp. and Necaro Co., Inc. 
Tunnel dimensions: driver bote, 11-1" wide, horseshoe; Bore s diameter. p 87. 
‘Support: ribs, 8^ ship channel, 21.4 lbs. sag. variable. | 


The جس‎ of ‘ecu tunnel sections in. rok Hastivals seldom PURE q few hundred 
tset Mining through such short sections does not justify the expenditure involved in- 
the installation af cislocks ud a compressor plant Furthermore, earth tunnel sections `` 
in rock tunnels ote usuclly located at a depth of more then 80 B. which precludes the ` 
use: of the compressed uir. Hence the engitieer is مویہ‎ complied to mine ea E 
such sections without the aid of compressed. air.. = 

Free draining ground such as clean sand or gravee) cannot be mined at ell alae | 
if is previously drained or routed. Earth with a low permeability such as fine silty 
sand comnot be drained. Since the quantity of water which seeps into the tunnel out 
et stich | material - m relatively small, the water does nor interfere with the tunneling 
Operations. However. the process. of mining is extremely slow ond EDAD, because 
monere than very small areas can be exposed at o time. = 
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In order. lo 3 formed: runa the lagging. elements of the: support. system. must be driven: CASS 
into the: ground. before the. "ground: ig excavated os shown in Fig. 106 where steel 
channels were used for. spiles, ' these elémente serve the same function: ‘as the sheet ` 

piles in open excavations. án sok ground. This process of supporting the ground ahead ieu 
of. excavation i is the forep: ling. method or an equivalent. Any but circular ribs seem to 135134 
. be out of place in such. material because heavy side pressure is usually combined with ` 
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Fig. ت0‎ in ‘squeezing sections 3t Mono Craters Fennel. 
| 1 d E -Steel tibs spaced a 8 ig in, dn Squeezing. section. A — 
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Fig. 108 Precast concrete ka blocks. ` 


: eril. Supporis | ré no better than’ the. footings under the خر‎ ln pane $ 
AA کو‎ and fault zones frequently encountered in rock funnels, the tustomary 
XN wood: ‘Blocking mer mel کی یر‎ Spread the: dead: over F fo soft grannd, Š 
Prts This phalodfepk: hows doris. und seinlorciag: dar. مادم‎ ded. blocks 1 
= “as: عو‎ im the Mono Craters: Tunnel, Used in two sizes, 12x 18 2 24 in, and. 

c Sx12£18 mo ات‎ blocks را‎ ٤ه‎ diettibuleg Vie a nb | loads 

E cie punk Bote. X 3 3 Er 
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octivity alg án. he رھ‎ a ! high Vee peak 7 T Jet which i iha Mona Craters « ere a. a part, 
end. the pore. e the: را شی‎ terrain: ter miles: t lave amd. Volcanic. ash. 
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0 in na surprising: diat. nearly every. dittioulty و‎ in "Ock noa A was اس‎ NOT 
in driving this funnel. Lerge volumes oj water under high head were encountered hoth. in the. 
crock and earth: "stretches: "The water was. charged with: gas presenting on extra difficult problem آے‎ 3 
of ventilation. In: many. ‘places: holes. were spilled: nee | into- M ere Jo necp the water. ben: xu 
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(oov. ¿concrete fool blocks, 12x 83 in. Bd 9 x 12 x 18 in. os shown in Fig. 109 wete requiréd Under 
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fig. 110 Forepoling in. Mono. Craters: Tönna- 
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Ci}: ot Los Argeles, Dept. of Water & Power 
YG SASH PROJECT. MONO CRATERS TUNNEL. 
Leeviniag, California 
Contractor: Force. Account. 


Tunnel dimensions: drivew bore; H Yi wide: by | Af high, horseshoe: dinished fio DR 


Support: continuous ribs, 6t H-heoma, 20 the: noraa! spacing S a bur 4 تیه‎ e n » sich E) 
| stemelicies. doin to 3". VE Rer di | aah لیس‎ See ee IE SE i 





City and County of Denver 
WILLIAMS FORK YUNNEL — 
| near Empire: Colsrade : 
| یر بای‎ Broderick ond ‘Gordes = 
Tanna qe capui driven bere. 38^ wide by 
E ia Bigh, horseshoe: 
| Support: continuous tib, Ë” H-beams, 27.5 lbs. 
spaced nt 2 it centers. 
HInvert MI: BS i, Fails. | 


Fig. 111—-Manifestations of a squeeze, 

Evidénce of squeesimg pressures in disinte 
girdled -graniie is shown in these two. photo 
graphs, Note crushing of block a? upper lel 
over fib 583, upper cerièr and bight on رر‎ 
584, and destruction of. blockidg and. colla. 
Brace between rios. 505 qnd 385. (lower photo) 
Straight. legs were hent inward by the sever 
verlical Jowd 7 eras side pressures (uppe 


bolo). 


These of the fült circle ribs foy a biok 
áqueeze such as this would place the steel in 
best position te resist the pressures ironi al 
difeciions Foritheerore, the cold workiny Q 
ihe sigel would greoily impreve its wonkini : 
strength. 





MINING THROUGH SQUEEZING GROUND 


Squeezing ground exerts pressure onto the tunnel support from all sides as dearly 
shown in Fig. 11]. Therefore if such ground is encountered, it is highly desirable to 
convert the external cross-section of the tunnel to a full circle even if it means en- 
larging considerably to maintain the internal clearances. The steel ribs then act as 
rings and are subject only to thrust, and not bending, thereby deriving the greatest 
resistance per pound of steel used, Furthermore all the steel in the ribs is cold worked 
thereby increasing the stresses that may safely be applied. (See chapter 9). 













Must be thoroughly 
back packed for uniform 
loading on ribs 


Heavy Ribs at close spacing 


This side shown with channel lagging This side shown with wood lagging 


Any type af lagging of sufficient strength to bridge the gap 
between the ribs may be used. 
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Fig. 112-—Full Circle Ribs closely spaced and hea 
loads associated with squeesing bis lagged for heavy 
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The full circle ribs should be closely spgced and a tight lagging of sufficient 
strength to transfer the estimated load onto the ribs should be placed on the outside 
flanges as shown in Fig. 112. The space between the lagging and the ground must be 
thoroughly filled initially to establish complete contact between the ribs and the ground, 
otherwise the circular ribs will not function at their rated capacity. 


Dry pack or dry concrete may be used behind tight wood, channel, beam, beam 
and plate, liner plate, or purlin type lagging of proper strength. 


Dry pack grouted or wet concrete placed by machine require liner plate lagging. 
(Note: This packing constitutes a shell of concrete around the supporting structure that 
adds materially to the strength of the whole structure). 


Gravel, blown in, most effectively through liner plate or a purlin type lagging, is a 
cheap and effective method of filling and can be placed while other operations are 
being performed. 


The steel ribs should be considered to be the permanent lining. The concrete, placed 
much later, is the preserving medium although it will receive part of any increases 
of load after it has cured, thereby adding to the ultimate factor of safety of the com- 
pleted structure. 


MINING THROUGH SWELLING GROUND 


Methods of mining through swelling ground 


If the rock has a moderate swelling capacity the same method of supporting the 
rock should be used as in squeezing ground. It involves the installation of rigid, circular 
ribs immediately followed by thorough back packing. On the other hand, if the rock 
has a high swelling capacity, it may be advantageous to give it an opportunity to 
expand into the tunnel during the entire service period of the tunnel support. 


In the past this method was practiced by permitting the rock to crush one or more 
timber sets in succession and then to construct the permanent lining in such a manner 
that a clearance of about 6 inches was left between the extrados of the lining and 
the rock. Since the inward movement of the rock during the preceding failure of at 
least one set of timbering in a large tunnel was hardly less than 6 inches, the total 
yield of the rock walls toward such a tunnel was at least one foot in every radial 
direction. 

The replacement of one or more sets of timbering is very bothersome and 
expensive and interferes with other operations. In the United States it is customary 
to meet a threatened failure of the tunnel support by constructing the permanent lining 
in the swelling stretch without further delay. This procedure has the disadvantage that 
it reduces very considerably the cross-section of the tunnel which may create a 
bottleneck. It also involves the risk of underestimating the ultimate pressure on the 
permanent lining. If the permanent lining fails the consequences may be very 
serious. In order to prevent a failure of the temporary support, the support may be 
made up of rigid circular ribs interconnected by a yielding lagging which permits the 
rock to squeeze into the tunnel through the spaces between the ribs. The yielding 
lagging can also be supported by yielding ribs consisting of steel segments separated 
from each other by compressible blocks. 


Yielding lagging 


The fundamental principle of this method is to install heavy full circle ribs at wide 
spacing, say 4 feet, and let the ground squeeze between the ribs till it relieves itself, 
which means that ground cylinder action has been established. This method can be used 
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„` » - 5 above spring line to protect from falls. Below spring line 
2,1, they may be taken out permanently. 
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Fig. 113—Yielding lining for swelling rock 


The full circle type of steel support is used. The ribs 
are at wide spacing to permit the ground to extrude 
into the tunnel between them. Crush lattices of white 
pine are placed in the rib joints to permit shortening of 
the ribs to soften the ground. The ribs may be divided 
into any reasonable number of segments (3 shown here) 
to provide the desired amount of shortening. 






It is necessary to establish uniform contact between 
rib and rock to insure uniform loading of the ribs. 
Hence, a light gauge liner plate lagging is used for 
erection and graveling purposes. The light liner plates 
offer little resistance to the squeezing ground and are 
removed as soon as distortion indicates the ground is 
being extruded between the ribs. 


The squeeze is allowed to exhaust itself before plac- 
ing the permanent lining. 
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DETAIL OF CRUSH LATTICE 
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‘in 1 those t cases. where the strength of the: rock i is low enough ta squeeze through without 

oversiressing” the ribs. The ribs should. be ot quite heavy: Tross section: ts the pressures - 
are great and the ribs are widely spaced. The clearance around the tunnel should be ` 

somewhat greater than- called for by the design” `o allow for: some Aien. ‘nd dus 


of the tib without encroachment on the design: dime. ES je‏ ہمعم 





x An pasenia requirement ia Jo. ‘establish "without delay F i: sala. 
conet between. ihe ribs and the tock, “This is best. accomplished by anstalling- diner - 
plates. fof ight gauge). between the ribs d blowing gravel behind. The ribs should ` 
“not be blocked ot any point. “The: blocking. necessary to install: the ib and. liner: Be 
= should be سیب جس‎ Abe: diner: ‘plates 30 that no concentrated joads wil act 
= i5 m : ce “pare ‘that tibs act ‘ine مت وت‎ ply. 





(22 Won: hes squeeze develope: | the. ‘grovel iz trapped between. the rock aud the outer. 
۱ flange: ‘of the ribs, thereby loa iding ‘the dbs. uniformly. “The liner plates. will stori to 
-buckle inward | as indicated: in: fig. HS at which dime they con be: unbalted from: the 
webs: bt: the ribs. The pimes below the. spring line can be removed gt ermanently and dhe - 
crown: plates. can be left resting on the inner rib: flange. te Protect the. operations. trom d 
falling rock as ‘shown im Fig 114. The progress. Qi the: &queeze should be -elosels Ç 
"watched. “When it becomes. evident that: the space ‘behind the liner plates, (now resting — x ; 
be au: the inner lange): is. completely. filled: up. the plates. should E be removed ihe ‘muck - 
` taker out jo the back of the ribs ot further; and the h eto plates laid. duck in. This ye 
1 رن‎ a should be a عو‎ all the time lor: E the: ارب وی سین‎ concrete 0 has. A 
arrived. 
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is inserted as shown in Fig. 113. The space between the ribs is bridged by light gauge 
liner plates. The lining is backfilled with pea gravel as described under the subheading 


“yielding lagging.” 


The purpose of the crush lattice is to allow the diameter of the ribs to decrease 
and thereby permit the rock to move toward the tunnel. After the diameter of the ribs 
has decreased as much as the “crush lattice” permits a few liner plates are removed 
to inspect the condition of the rock. If the rock has become soft enough to squeeze 
through the spaces between the ribs the subsequent procedure is identical with the 
one described under the subheading “yielding lagging.” On the other hand, if the 
rock is still too stiff to squeeze through the gaps between ribs, all the other liner 
plates are removed and the rock between ribs is excavated as shown in Fig. 114, 
leaving rock ribs between grooves. Every steel rib is in contact with a rock rib. Then 
the liner plates are laid back in on the inner flanges in the crown to prevent rock 
fragments from dropping. 


As the rock continues to swell the rock ribs adjoining the outer flanges of the 
steel ribs are crushed and the debris fills the spaces behind the liner plates. After the 
spaces are filled and the liner plates have bulged as far as their dimensions permit, 
the liner plates are removed and new grooves are excavated. Thus it is possible to 
permit even in a very stiff swelling rock a large amount of squeeze into the tunnel 
while the ribs remain intact. 

As the crush lattices are compressed the diameter of the ribs decreases. Subse- 
quent unequal failure of the rock ribs may even slightly deform the steel ribs or 
displace the whole rib set. Hence the initial diameter of the ribs should be such, that 
at the end of the service period, the ribs are still located at or beyond the position 
provided for by the construction drawings. The dimensions of the space which has 
to be excavated is determined not by the final but by the initial diameter of the ribs. 


Advantage of yielding tunnel support 

In tunnel construction, the cost of labor usually exceeds very considerably the 
cost of material. Therefore, it is to be expected that the prevention of a failure of the ` 
ribs at the price of installing heavy profiles is cheaper and more expedient than to 
clean up the tunnel after complete breakdowns of timbered support. If the ribs are 
strong enough, it will not be necessary to place the permanent lining till the rest of the 
tunnel can also be concreted. This avoids the necessity for the premature setting up 
of concrete plant and placing of a relatively small amount of concrete at a high cost. It 
also avoids a constriction of the tunnel in the squeezing stretch. 


Rock pressure measurement 

No matter which method is used some of the ribs should be provided with sturdy 
pressure measuring devices which permit periodic determinations of the pressure on the 
ribs. The information thus obtained would reduce the amount of guesswork which enters 
the design of the permanent lining. 


Benefits derived from pilot drifts 


In Chapter 5 it was shown that the pressures exerted by squeezing rock depends 
to a large extent on the condition and the nature of the rock. Yet as a rule, the geologist 
cannot even predict with certainty in advance of construction whether any squeezing 
rock will be encountered at all. A prediction of the intensity of the pressure is utterly 
beyond the scope of rational forecasts. Hence if a tunnel with a large cross-section is 
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to be built through folded or faulted rock involving the possibility of encountering 
squeezing rock the design of both the tunnel support and the permanent lining can 
only be based on a guess and the consequences of a wrong guess may delay 
construction very considerably. 


Pilot drifts almost eliminate these hazards. The results of the observations in the 
pilot drift inform the engineer as to whether the bad rock is of the squeezing or the 
swelling type; they furnish the data required for deciding whether or not it will be 
advantageous to use full circle ribs. Last but not least, the pilot drift gives to the 
engineer an opportunity to measure pressures and the rate of pressure increase. The 
results of these measurements eliminate much of the guess work from the design of 
the supports in the main excavation. .Since the information obtainable is of such vital 
importance the advantages of pilot drifts on tunnel jobs in geologically disturbed 
regions cannot possibly be overemphasized. 


CONVERSION TO CIRCULAR SECTIONS 


General considerations 


In running ground and in squeezing or swelling rock, tunnel supports with full 
circle ribs are so perfectly adapted to meet the pressure conditions that all the other 
types of support can only be considered unsatisfactory makeshifts. Although the 
conversion from the normal type of rock tunnel support to supports with full circle ribs 
requires some extra labor and material, these extras are likely to be unimportant 
compared to the difficulties and delays associated with adhering to the normal types 
of tunnel supports in difficult stretches. 


Hence, even if short sections of a tunnel are located within running or squeezing 
ground, recourse to tunnel supports with full circle ribs for the bad sections should 
always be seriously considered. Such a study will most likely show that the conversion 
is by no means as difficult as it may appear at superficial examination. 


In addition to the fact that full circle ribs are better suited than any others to meet 
the pressure conditions they also serve as a reinforcement for the permanent lining. 
Since the outer face of the permanent lining constructed in a tunnel stretch with full 
circle ribs is cylindrical the bending moments in the lining are very small and the 
strength of the construction material is utilized to full advantage. Nevertheless, in bad 
swelling ground the additional strength furnished by the ribs encased in the concrete 
may even be required, because the pressure on the lining continues to increase for a 
long time after the lining is constructed. 


Local changes of the tunnel dimensions 


The benefits of the full circle rib support in ground that develops side pressure 
derive from conversion of the extrados to a circle. This may or may not be accom- 
panied by a conversion of the intrados to a circle, depending on economic factors. 


In making the conversion of the extrados, the inner diameter of the ribs should 
be so chosen that clearances required by the excavating equipment are maintained. 
Generally this involves an increase of the yardage of excavation per foot of tunnel. 
If the intrados is to remain unchanged, a corresponding increase in concrete yardage 
is also involved. If the intrados is to be converted to a circular cross section, a new set 
of forms is required but the yardage of concrete is often reduced. À short stretch would 
not justify the cost of a set of forms whereas in a longer stretch the savings of con- 
crete would overbalance the form cost. 
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The following example is a comparison of a horseshoe and a circular section 


through squeezing ground period. 


Conversion of a flow tunnel 


The left side of Fig. 115 shows the standard, and the right side the modified circular 
cross-section of a flow tunnel. À comparison of quantities is made in the following 
table. It is assumed that the tunnel is driven through squeezing ground requiring tight 


lagging. 
Horseshoe Circular 
External dimensions  - - - 24’ x 24’ 26’ dia. 
Excavation to overbreak line 
in cu. yds. per foot - - - - - 20.1 21.6 
Concrete to back of ribs in cu. yd. per f foot 
Inside unchanged - - - 5.1 6.2 
Inside circular - - 4.3 
Weight of steel per foot of tunnel - - - 662 lbs. 665 lbs. 
Carrying capacity of 8” x8” beam, 31 lbs. 
on 4 ft. centers, rock, 170 lbs. per cu. ft. 
Vertical load only, no side pres- 
sure - - - - - - 23.8 ft.* 23.5 ft. 
of rock of rock 
Horizontal unit pressure equal to 
1/3 of the vertical unit pressure - 13.9 ft. * 23.5 ۰ 
of rock of rock 


* Computations are set forth as Example No. 4 in Chapter 11. 


A small horizontal load makes a large reduction in the capacity of a set with a 
straight leg. Ás shown by the table above if the horizontal pressure is 1/3 of the 
vertical (as applied to the particular set of dimensions in Fig. 115) the capacity of the 
rib decreases by 42% whereas the capacity of a full circle rib remains unchanged. In 
fact due to cold working the fibre stress allowed for the full circle rib could be safely 
increased by 25% and thereby gain that much in capacity. (See Chapter 9). 


When side pressure is encountered it is readily seen from the above comparison 
that: 


1. A pound of steel support in the form of a full circle rib will carry almost twice 
the load it will carry in the form of a straight legged rib. 


2. That if the length of the squeezing stretch is long enough to justify the forms, a 
saving of concrete results. Note: The regular forms may often be temporarily padded 
out to the circular shape at a nominal cost. 


3. The above advantages and others can be secured at a very small increase in 
the excavation cost. 


Conversion of single track railroad tunnel 


At first glance it would appear that a single track railroad tunnel would not show 
any economies when converted to a full circular section. Yet when squeezing condi- 
tions, which produce heavy side pressures, are encountered, conversion to the circular 
cross-section is especially desirable. This is clearly shown in the tabulation of quant- 
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ities immediately following which is compiled from a study of conversion of the Moffat 
Tunnel in Colorado to a full circle, making the comparison on the basis of computed 
strength of the steel support used. 


The left side of Fig. 116 shows the “heavy” steel sets used in the Moffat Tunnel. The 
right side shows a full circle set of equivalent strength. The stresses in the various 
members of the eight piece steel set are approximately equal when the side pressure 
is about 20% of the vertical pressure. In making the comparison, the fibre stress in the 
steel was considered the same in both types of support although in the full circle ribs 
the stress could be higher since the elastic limit of the steel is raised by cold working. 


Cross-section Circular 
as constructed Cross-section 
External dimensions - - - - - - 21'-2"x28'-1" 29'-1" dia. 
Excavation to overbreak line 
in cu. yds. per f. - - - - - - 22.2 26.3 
Concrete to back of ribs in 
cu. yds. per ft. - - هم‎ - - - ` 8.1 6.0 * 
Weight of steel in pounds per ft. - - - 3666 2166 
Carrying capacity of sets assuming 
side pressure is 20% of the verti- 
cal pressure. Fibre stress 24000 
p.s.i., rock 170 lbs. per cu. ft., 3 ft. spacing 99 ft. 99 ft. 
of rock of rock 


* Finished bore circular, 27’-4}” dia. 


An analysis of Fig. 116 and the above table, reveals that for an increase of only 
1976 of the excavation, the following favorable results accrue. 


a. A saving of 25% of the concrete. 
b. A saving of 41% of the steel support. 


c. A much lower cost of erection of the steel support due to the simple butt joints. 
A complete 4-piece rib as indicated requires only 16 bolts in the ring, whereas 
the 8-piece set used requires 216 bolts in the spliced joints. 


d. The factor of safety is increased because the circular ribs have been cold 
worked. i 


The evaluation of the above factors shows that the conversion to the circular cross- 
section results in considerable economy. But these factors are only the quantitative 
factors, they do not take into account the trouble and expense that can undoubtedly 
be saved if the full circle ribs are used to support the original excavation. 


Conditions of extremely heavy pressures such as were encountered in the Moffat 
Tunnel for about 2} miles through fault zones and associated decomposed squeezing 
granite indicated the need of full circle ribs. These conditions were as described in 
Chapter 4 on page 80. 


At the time this tunnel was driven full circle ribs had not yet been developed for 
rock tunnels, although full circle metallic linings had been widely used in earth tun- 
nels. Therefore timber sets, or steel sets of similar form, were the regularly used 
types of support for rock tunnels. 
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Following normal practice of the times, timber sets of 12x12 in. size were origi- 
nally installed in the tunnel about 3 ft. on centers. Some "jump" sets were placed be- 
tween these when the timber showed signs of being highly stressed. This proved in- 
adequate as the constantly increasing pressures crushed and broke the 12x12 in. tim- 
bers even where they were placed skin tight. 


After some experimentation, these sets were replaced with 12x18 in. timber much of 
it being skin tight, making a solid timber lining 18-in. thick. This also proved insuffi- 
cient and was replaced with structural steel sets of fairly similar pattern, spaced 3 ft. 
on centers. These first, or "light," steel sets consisted of a 3-segment roof of 20-in. 
65.4-lb. I-beams supported on 24-in. 80-lb. posts with an I-beam wall plate lying flat- 
wise, and 3 18-in. 57.4-]b. invert segments between the posts at the bottom. 


These sets also proved inadequate, even though "jump" sets were placed between, 
making the spacing 18 in. on centers. A “heavy” steel set was then designed which 
held the ground. It is shown at the left of center line in Fig. 116. These sets are sup- 
ported by precast reinforced concrete foot blocks to minimize settlement and 10-in. 
channel collar braces were concreted in as soon as bolted to prevent twisting. Even 
with these heavy steel sets some posts had to be replaced but in general they proved 
strong enough to hold the ground. 


Until the "heavy" sets were installed, the ground had continued to invade the tun- 
nel bore, necessitating replacement of supports. This inward movement permitted the 
surrounding ground to partially relax, establishing a "ground cylinder” around the tun- 
nel bore as described in Chapter 4 thereby limiting pressure on the supports. Hence 
the "heavy " steel sets which were capable of resisting side pressure of only 20% of the 
vertical intensity were ample. Initial side pressure must have been much higher. 


Full circle steel ribs can hold side pressure equal to the vertical pressure. Had this 
type rib and the technique of using them, as described in this chapter been available 
at the time this tunnel was driven, there is no doubt that other important savings could 
have been made in addition to those set forth in the above tabulation. 


The hypothetical horseshoe tunnel, Fig. 115, and the railroad tunnel, Fig. 116, are 
probably the extremes. Most other tunnel cross-sections would lie between the two. 
Hence as a general rule, when side pressure or squeezing conditions are encountered, 
the circular cross-section with full circle ribs results in the lowest cost structure. 
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Chapter 9. 
(BASIC CONCEPTS AND DATA 


APPLICATION OF LOADS 


Differences between d: trie ach and a tunnel dich : a 
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In designing an arched structure above ground, the engineer will usually adjust 
the shape of the arch to follow a thrust line established from known loads, acting at 
known points, in known directions. The arch will be supported at the two ends only, 
by the passive resistance of the abutments. 


In a tunnel, the shape of the arch rib is determined not by the active loads but by 
the tunnel cross-section and may depart widely from a thrust line established from 
assumed active loads. Nevertheless the thrust line always can be made to follow the 
arch contour required. This is possible because the passive resistance of the surround- 
ing rock resists any force tending to displace it. This passive force will prevent ribs 
from changing shape when properly blocked and wedged. 


Active loads tend to move or distort the rib, and are caused by the weight of rock 
fragments that become loose and tend to drop out of the roof or side walls. 


Passive resistance prevents rib distortion, and can be mobilized in any required 
magnitude by blocking between the rib and unyielding rock. 


Blocked tunnel ribs 


If a tunnel is provided with a tight, back-packed lagging, the rock acts uniformly 
on the entire tunnel rib, exerting either active or passive force. This, however, is not 
the ordinary condition. In most instances the rock forces are transferred to the ribs by 
a relatively small number of blocks which are inserted between the rock and the 
outside of the ribs. The places where these blocks bear on the rib are known as 
blocking points. Blocked ribs are shown in Fig. 117. 


At any blocking point the rib is acted upon by an external force, which may be 
active (pressure of the rock against the rib) or passive (resistance of the rock to rib 
pressure). The block is capable of transmitting force to or from the rib only in a direction 
normal to the tangent at its point of contact with the rib. This is due to the fact that 
the block acts like a cushion with relatively small resistance to shear deformation. 
Hence any active loads, usually vertical, are resolved into two components, one of 
which is radial. Only this radial (or normal) component is considered. The resolution 
of forces is explained in detail further on. 


LOAD ASSUMPTION 


The designer will first assume an active load and apportion it to the various 
blocks. In the absence of any better assumption he usually will assume that the steel 
support system will have to carry a certain thickness of rock above the tunnel and 
that this rock will impose uniform vertical active loading on the ribs. The following 
discussion will show this to be a practical assumption. 

He may question in his own mind the uniformity of the load distribution and with 
good cause, because it is a well known fact that rock falls usually leave an opening 
shaped like an inverted "V" or “U.” It might seem that this would impose a concen- 
trated load which would upset the assumption. However, as shown further on in the 
text, the active rock force at some one blocking point will determine the thrust in the 
rib. The thrust induced by this one force causes the rib to press against the rock at all 
other blocking points with a force greater than the active rock forces at those points. 
Hence, the rib is actually proportioned for a single concentrated load on one block. 
All other active loads can be neglected when this is found. 


Inasmuch as it cannot be determined which of the blocks around the periphery oí 
the rib will be the one to induce the maximum thrust condition, the loading is assumed 
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a uniform assumption is satisfactory. The principal source of error resides in the fore- 
cast of the rock behavior in different sections of the tunnel and evaluation of loads 
associated therewith. Compared to this error, any error associated with the assump- 
tions regarding distribution of active loads is negligible. 


ALLOWANCE FOR INITIAL DEFLECTION 


Cause and effect of initial deflection 


When rib sets are installed in a tunnel, they are blocked and wedged tight. This 
prestresses the rib, resulting in a certain amount of deflection of the rib, within the 
elastic range of the steel. The prestressed rib can be likened to a tightened spring, 
exerting an outward force against the rock through each block. This is often sufficient 
to prevent loosening of the rock, thereby forestalling any large increase of load. 


Rib as Fabricated Allowance for 
and Shipped Initial Deflection 


True Design z True Design 
Concrete Line Concrete Line 
y 
d, 
Rib when Prestressed 


by Blocking 







H m" Offset لہ‎ 
Fig. 122—Bending allowance for initial deflection 


However, the initial deflection may show up as a subsidence of the crown joint, 
which may seriously encroach on the space provided for the concrete delivery pipe, 
and also on the design concrete. 


Manufacturing allowance for initial deflection 


To insure the proper space at the crown after wedging, the ribs are manufactured 
to a slightly larger radius than that indicated on the contract drawings. See Fig. 122. 
The center of curvature for each segment is also offset horizontally from the center 
shown on the contract drawings. Hence there will be a slight difference between the 
contract and shop drawings. The ribs will be above the true contour when placed, but 
will approach the true contour as wedges are tightened. 


When the two halves of a rib set are placed together the inner edges of the crown 
butt joint will be in contact while the outer edges will be slightly separated. As the 
wedges are driven home, changing the shape of the rib in initial deflection, this joint 
tends to come into full bearing and the rib approaches the position called for by the 
plans. 
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thrust induced in the rib by a given load, hence the stresses, are higher than if the 
crown joint is not kicked up. The offset center method (No. 2) is preferred to the tangent 
method (No. 1) as the values of thrust are considerably less than those due to using 
the tangent method. Inasmuch as any increase in thrust is associated with a decrease 
in capacity for a given rib section, the use of the rise at the crown should be avoided 
whenever possible. This is especially true for full circle ribs used in squeezing or 
swelling ground. 


IMPROVEMENT OF STEEL BY COLD WORKING 


Allowable stress in steel 


The allowable stress in steel is commonly determined by the condition that the 
deformation produced by the stresses should be perfectly elastic. In other words the 
stresses should nowhere approach the yield point. When the stress slightly exceeds 
the yield point, it produces both elastic and very great plastic flow or permanent 
deformation. This permanent deformation at the yield point is of the order of 30 times 
the simultaneous elastic deformation. 


Yield point of ordinary structural steel 


To demonstrate the meaning of the term Yield Point, a bar of ordinary structural 
grade steel, ASTM A7-42, as commonly used in tunnel ribs, whose cross-sectional area 
is exactly one square inch, is placed in the jaws of a hydraulic testing machine 
having a pulling capacity of 40 tons or more. Let us consider a portion one (1) inch 
long and measure the change of length in this one inch portion by means of a 
recording extensometer. 


As a pull is applied the steel bar will stretch slightly. If 10,000-lb. pull is applied, 
this one inch section will stretch .0003 in., the new length then being 1.0003 in. This is 
represented by Point A on the stress-strain diagram shown in Fig. 124. Release the 
pul and the bar will return to its original length 1.0000 in., Point O. This is "elastic 
deformation." 


Apply a 20,000-lb. pull and it will stretch to 1.0006 in., Point B, and when the pull 
is released, it will again return to its original length 1.0000 in. The same phenomenon 
takes place at 30,000-Ib. pull (Point C). The stretch is still within the range of elastic 
deformation. 


Now we start again increasing the pull slowly and uniformly, watching the 
hydraulic pressure gauge which registers the pull As the pull becomes 10,000 ۰ 
(Point A), 20,000 lbs. (Point B), etc., it will be observed that the length has again be- 
come 1.0003 in., 1.0006 in., etc., as before. In other words, the stretch is proportional to 
the pull. 


However, at some pull above 33,000 lbs., (for the steel under consideration, at 
36,000 lbs. Point D,) the bar will stretch quite rapidly, so rapidly in fact that the 
hydraulic pressure gauge will show a slight temporary drop in the pull. When the pull 
again becomes 36,000 lbs., Point E, the new length will be 1.0140 in. A slight increase 
of pull to 38,000 lbs. increases the length to 1.0320 in., Point F. Then the pull is entirely 
released and the bar contracts, not to its original length, but to a permanent new length, 
1.0308 in., Point O,. The difference between the original length of 1.0000 in. and its new 
length represents a permanent set. 


Point D, at which this phenomenon occurs is called the Yield Point, and while 
not strictly correct, the 36,000 lb. pull is called the Elastic Limit. It is observed that 
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the permanent deformation is roughly 30 times the elastic deformation at a pull slightly 
lower than the elastic limit. 


Elastic range of cold worked steel 


Now apply a 10,000 pull again and the bar stretches the same amount as initially 
for this pull, the new length being 1.0311 in., Point G. Release the pressure, and it returns 
to the deformed length of 1.0308 in., Point O,, indicating elastic behavior. Repeat for 
any pull up to 38,000 lbs., and the same thing happens. Thus it is seen that the steel 
now has a new elastic limit of 38,000 lbs. 


Then run the pull steadily up to 50,000 lbs., Point H. As the pull passes 38,000 lbs., 
it will be observed that the bar stretches faster than it did below 38,000 lbs., but there 
is no sudden yielding such as happened the first time the pull reached 36,000 ۰ 
The steel no longer has a well defined yield point. At 38,000 1b. the stretch impercep- 
tibly changed from elastic deformation to plastic flow. At Point H the length has now 
become 1.0780 in. Release the pull entirely and the piece will not return to its original 
deformed length but to a new one 1.0765 in., Point On. 


Any pull up to 50,000 lbs. may now be applied, Point J, and released, and the bar 
will return to 1.0765 in. Thus, the elastic limit has been increased from 38,000 lbs. to 
50,000 lbs., and the yield point has been practically eliminated. Lines O, —F, and O.— 
H, plotted for any number of values of points G and ] will be roughly parallel to the 
original elastic line O—D. This statement applies to every value of pull represented by 
a point on curve F—K. However, if the pull is raised to 60,000 lbs., point K, the bar 
stretches rapidly. The pull of 60,000 lbs. cannot be maintained, as indicated by a drop 
in pressure on the hydraulic gauge. Rupture soon occurs, and at some pull below the 
60,000 lbs. This process is associated with what is known as necking down; as the piece 
stretches, its cross-sectional area decreases at some point, so that it no longer has a 
square inch of area to resist the pull of 60,000 lbs. The 60,000 lbs. pull, Point K, is 
called the Ultimate Strength. The region represented by the stress-strain curve between 
D and K is known as the Region of Plastic Deformation of steel. 


Influence of cold working on elastic limit 


On account of the existence of the plastic range represented by the section D—K 
of the stress-strain curve in Fig. 124, steel can be worked in a cold state. One of the 
most outstanding applications of the cold working processes to industrial purposes is 
the automobile industry. Another is the manufacturing of ribs for tunnel supports. 


From Fig. 124 it is obvious that cold working raises the elastic limit of ordinary 
structural steel from a*minimum of 33,000 lbs. per sq. in. to a figure close to its ultimate 
strength which ranges between 60,000 and 72,000 psi; also that the yield point is 
practically eliminated. (See note below.) The elastic limit after cold working varies with 
the amount of plastic deformation that occurred in the process. The elastic limit for any 
cold worked rib may be roughly determined on the basis of the data shown in Fig. 124 
by calculating the change in any one-inch element of the rib required to give the steel 
beam its new shape. By plotting the change on the base line a point O, is obtained. 
Then a line O,—D, is drawn parallel to O—D. The ordinate of the intersection with the 
curve F—K would represent the new elastic limit of the cold worked rib. 


By annealing cold worked steel, the benefits derived from cold working are lost 
because the elastic limit returns to its original value, 36,000 lbs. whereupon the steel 
reacquires its original yield point. Hot formed steel retains both its original yield point 
and elastic limit. 
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Cold worked versus hot worked ribs 


In tunnel ribs with straight legs the arch portion can be formed cold or hot, whereas 
the straight unworked leg retains its original properties. A rib will sustain increasingly 
heavy loading just as long as all portions of the rib retain their shape within the limits 
of elastic deformation. The highest stresses in tunnel ribs develop in the flanges. If 
the stress in some small portion of a hot-worked rib flange reaches the yield point, this 
portion changes shape very seriously because the deformation at the yield point can 
be about 30 times greater than the elastic deformation. Once a part of the flange is 
badly deformed, the metal in this small part is no longer in the right place to carry 
its full share of the load. The metal adjacent is thereby stressed beyond the yield point, 
causing it to change shape, and complete failure may result. 


In the cold-worked portion of the rib the stress required to start a local change of 
shape is considerably higher than in the unworked leg. And when distortion does start 
it requires constantly increasing load to produce further change of shape, as the steel 
no longer has a yield point worth considering. 


The forces acting on the curved arch section of the rib are usually much greater 
than those acting on the straight leg. Yet it has been observed that failures of over- 
loaded cold-worked ribs invariably occur in the unworked straight portions of the rib 
as shown in Figs. 125 and 126. This is due to the fact that cold-worked steel has a 
reserve of strength which is not possessed by unworked steel nor by ribs formed hot. 


If the rib consists of a cold-worked curved portion and straight unworked portions, 
the strength of the rib is limited by the unworked portions. The extra strength of the 
curved portion merely increases its factor of safety. On the other hand, when the ribs 
are bent from end to end, the designer is justified in raising his allowable fibre stress. 
Such would be the case for full circle ribs used to hold a squeeze. 


Note: The stress-strain curve in Fig. 124 is a plot of the readings observed on a single 
test specimen. The ASTM A7-42 specification requires a minimum yield point of 33,000 psi. 
but according to the results of mill tests the yield point usually ranges between 36,000 and 
45,000 psi. The specification also requires a minimum ultimate strength of 60,000 psi. whereas 
it usually ranges between 60,000 and 72,000 psi. This curve then represents more nearly the 
minimum. But no matter what individual specimen is used, the shape of the curve is about the 
same as the one shown in Fig. 124, and generally the curve will lie above it. 


Effect of ageing on cold worked steel 


The stress-strain curve and the effect of cold working discussed in the foregoing paragraphs 
are typical when the test is run continuously. If, however, the specimen is stressed to some 
point, as H in Fig. 124, in the region of plastic deformation, the pull removed for several weeks, 
and then the test resumed, the steel acquires a slight yield but at a higher value H, of pull than 
was applied at H. The ultimate strength K, is also increased. This ageing effect is shown by the 
dotted line in Fig. 124. The closer point H is to K, the greater is the distance between curves H-K 
and H,-K, after ageing. 


As applied to cold-worked ribs, usually a period of several weeks elapses between the 
time of forming and the time when the ultimate load is imposed on the ribs. Thus the ageing 
effect has further strengthened the cold-worked rib. 
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Chapier 0 
FORCES AND STRESSES IN BLOCKED RIBS 


BLOCKING POINTS AND FORCES 


Spacing between blocking points 


If forces are applied to a rib only at widely spaced points, the rib is acted on not 
only by axial thrust but also by bending moments. Bending moments, and the stresses 
arising therefrom, cause a reduction in the load carrying capacity of the rib. In a 
given rib the bending moment depends on the spacing of the blocks and varies as 
the square of the spacing. Therefore the spacing between blocks deserves careful 
attention. 


The first step in determining the maximum stresses in a rib is to make a layout 
for the blocking points for one half of a rib set. One blocking point is required close 
to the crown joint and one at the spring linéfor at the junction between arch and leg if 
the leg is battered. The spacing of the intermediate blocking points depends on the 
condition of the rock. The sounder the rock, the greater the spacing can be. On account 
of the erratic irregularities of the rock surface, a blocking point can be established only 
where a suitable rock surface is available. Hence the spacing of the blocks as actually 
installed in the tunnel will deviate widely from the average. Fig. 127 and Fig. 117, 
page 193, show typical irregularities of spacing. 


The layout of the intermediate blocking points is governed by the following 
considerations. 


a. Each block installed is associated with a cost for labor and material. The more 
blocks required, the higher the cost of the blocking operation. While it is natural for the 
builder to block all rock that looks dangerous, there is a tendency to leave out blocks 
that should be placed against sound rock for support of the rib. 


b. For a given shape of rib and a given rock load the bending moments in the 
rib increase with increased space between blocks because the rise of the arc between 
blocking points increases. The rise of the arc, hence the bending moment, increases as 
previously stated, as the square of the distance between blocking points. The import- 


A B c D 
70” max. blocking 50” max. blocking 30” max. blocking Zero blocking point 
point spacing. Rib point spacing. Rib point spacing. Rib spacing. (Tunnel 
stress—31275 p.s.i. stress—23000 p.s.i. stress—17720 p.s.i. backpacked) Rib 


stress—14175 p.s.i. 
Fig. 128—Effect on rib stress of changes in blocking point spacing 
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ance of the influence of the spacing on the total stress in the rib is illustrated in Fig. 
128. The computation of stress in the rib B can be found in Example 1 on page 219. It 
was computed on the basis of 50-in maximum blocking point spacing. At À is shown 
the effect of increasing the maximum spacing to 70 in. C shows the effect of decreasing 
the maximum spacing to 30 in. and D shows the effect of reducing the spacing to 
zero. The difference between the fibre stress at D and any of the others represents 
the reduction of the rib capacity due to bending. 


The rib must be dimensioned on the basis of the most unfavorable conditions which 
may prevail in the field. Therefore the design is based on the maximum spacing be- 
tween blocks which is tolerable in the tunnel. The blocking point spacing used in 
Tables 1 and 2 in the appendix may be used as a guide in selecting the spacing on 
which the design is to be based. 


Assignment of rock loads to blocks 


In Figs. 118 to 121, the shaded areas represent that part of the rock which is 
assumed to be acting on the respective blocks. It constitutes the rock load. The term 
uniform load assumption refers to a rock load the height of which is uniform over the 
full width of the tunnel. The upper boundary of such a rock load has the same shape 
as the roof of the tunnel, as shown on the left hand side of Fig. 118. 


Blocking points defined 


Each block transfers one part of the total rock load onto the rib. The method of 
allocating the rock load to the various blocks is illustrated by Fig. 134 and will be 







Overbreak 
Blocking Point 


Blocking Point (for Construction) 


N. A. Blocking Point (for Design) 


Fig. 129— Transfer of force from rock to rib 


Every block is considered to be a link as it has very little resistance to shear 
deformation. Forces are considered to be applied in a direction normal to the tangent 
of the rib at the neutral axis. 
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explained in detail in a following paragraph. The rock acts on the block at the over- 
break line. The center of contact between the block and the rock surface will be called 
the overbreak blocking point. 


w/ The blocks cannot transmit tangential forces because they have very little 
resistance to shear deformation. Hence they act for all intents and purposes like pin- 
connected links between the rock and the rib. They are oriented normal to a line 
tangent to the rib at their points of contact as shown in Fig. 129. The inner pin, 
assumed to be on the neutral axis of the rib, will be referred to as the neutral axis 
blocking point for computation purposes. The point of contact between block and rib is 
referred to as the blocking point for construction purposes. 


Action of forces at overbreak blocking points 


At the moment the rib is installed there is no active rock load or force; otherwise 
the rock would previously have fallen. The rock load is carried by dome or arch action 
of the rock itself, or by crown bars or temporary posts. Wedging prestresses the rib, 
similar to tightening a spring. Because of the initial elastic deflection associated with 
prestressing, the rib exerts an active force against the rock at each overbreak blocking 
point through the block. 


This active force is represented by F, in Fig. 130 a. In this figure the dash-dot lines 
represent the overbreak line and the small circles the overbreak blocking point. The rock 
resists by mobilizing a passive force F,, equal and opposite, thereby holding the point 
in equilibrium. In the various diagrams in this book, force arising out of active cause 
is shown as a thin arrow, whereas passive force is shown as a thick arrow, as in 
Fig. 130. 


As the dome action of the rock is superseded by arch action, as the temporary 
posts are removed or the crown bars freed, or as succeeding shots loosen the rock, 







The active force F, exerted 
by the prestressed rib is met by 
an equal and opposite passive 
force F, induced in the rock. 


a) 
Fig. 130—Forces acting at overbreak blocking point 


The rock begins to develop 
weight. It exerts an active ver- 
tical force W on to the block. 
The resultant of the two active 
forces W and F, induces an 
equal and opposite passive 
force F,. 





The active rock force W in- 
creases. Since the resultant of 
W and F, induces an equal and 
opposite passive force, P,, the 
magnitude of F, changes and 
its direction passes through the 
horizontal. 


the rock contiguous to the rib under consideration begins to "develop weight." In other 
words, a vertical force W now acts on the overbreak blocking point as shown at b. 
Since force F, is the balancing force, purely passive, its magnitude and direction can 
change to suit varying conditions. Therefore, as W develops, the magnitude of F, 
changes and its line of action rotates (counter-clockwise in this example) until it 
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balances forces W and F,. As the active force W increases, the direction of P, con- 
tinues to change, passing through the horizontal as at c, until it is acting along a line 
normal to the rib force F, as at d. This line of action is tangent to the overbreak line 
and is considered to be the limit to which F, can rotate because equilibrium requires 
that the line of action shall lie within the rock and pass through the blocking point. 


With further increases of the active rock N 
force W and the direction of passive force F, 
fixed, F, is not of sufficient magnitude to N 


maintain the equilibrium, The blocking point N 
w then moves slightly toward the rib until the 
With increasing active rock force W, the rib by deflecting slightly can mobilize a great N 
direction of F, ultimately becomes parallel to | Ñ enough Force F, to establish equilibrium. N 
the tangent. This is as far as it can rotate as ٦ 
the rock cannot supply a force whose line of N 





action lies outside the rock. 


d) 


Fig. 130—(Continued from page 209) 





Any further increase in the active vertical force W changes the character of the 
force F, exerted by the rib from active to passive. The rib no longer is tending to dis- 
place the rock, but the rock is now tending to deform the rib, which must mobilize a 
greater force to maintain equilibrium as shown in Fig. 130e. For the rib to exert a 
greater force it must deflect somewhat which permits the blocking point to move 
slightly. This movement, though measured in small fractions of an inch, may permit 
the rock to loosen and thereby further increase the active force W. In practice the 
ribs should be kept wedged so tightly that the contemplated active forces W can 
never cause the force F, to become passive. By so doing loads W can be minimized. 


The designer assigns a value to the force W derived from his assumption of the 
active vertical loads. The rib, then, must be so designed that it can supply the radial 
force ٣. in a magnitude sufficient to maintain equilibrium. The maximum fibre stress 
in the rib must not exceed the fibre stress considered to be safe. 


Assumption with respect to action of the load 


In Fig. 118, each block is assumed to carry a rectangular prism of rock bounded 
by four vertical planes. The longitudinal planes pass through the mid-points between 
the blocks; the transverse planes pass through the mid-points between ribs. The top 
boundary is assumed to be unattached to the rock above. This prism may be referred 
to as the active prism. 

A further assumption must be made regarding the direction of the passive force F, 
by which the surrounding rock reacts onto the active prism, because this direction 
determines the magnitude of the radial force F, required of the rib for a given load ۰ 
An upper limiting value F, max of the required rib force is obtained when assuming 
that the vertical sides of the active prism are frictionless. On this assumption the passive 
force F, acts in a horizontal direction. The magnitude F, maı of the radial force is obtained 
by means of the parallelogram of forces, Fig. 130 f. 
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r min 





r max 





f) 
Fig. 130—(Continued from page 210) 


On the other hand, a lower limiting value 7, ہے‎ is obtained when assuming that 
F, reacts in a direction parallel to a line tangent to the overbreak line at the blocking 
point as shown in Fig. 130g. The corresponding required radial force, F, mi, is smaller 
than F, max as is readily seen by comparing Figs. 130 f and g. 


The values Fr max can be much greater than the values F, ,ورن‎ The real value 
of F, is intermediate between Fr, i, and Fr ma,. It depends on the orientation of 
the real joints, and may vary from place to place. However, considering the conceiv- 
able orientation of the real joints, and the fact that real joints are not planes, and 
that joints are the seat of friction and interlock, it is assumed that the adjacent rock 
can react on the active prism with a force applied at some angle, the vertical compon- 


It is assumed that because of friction, the rock can supply a کے‎ 
force ۴, whose direction is not more than 25° from the horizontal. SS 
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ent of which force is equal to the friction. This angle is arbitrarily taken 25? from the 
horizontal as in Fig. 130 h. This means that as the active vertical force W increases 
from zero, while the active rib force F, mobilized by prestressing, remains constant, 
the direction of the passive force F, can rotate till it reaches the tangent line or the 
arbitrary limit of 25? below the horizontal. Beyond this point a further increase in W 
brings about a conspicuous change in the character of the force F,. The active force F,, 
which arises out of the elastic deformation of the rib caused by the initial wedging, 
is no longer of sufficient magnitude to maintain equilibrium. The blocking point moves 
slightly toward the tunnel thereby deforming the rib slightly. (The spring is wound 
tighter. This deformation enables the rib to mobilize a passive force to add to the 
initial active force to restore equilibrium. This increase in the force F, is indicated by 
the heavy portion of the arrow F, in Fig. 130 h. 


Load Force 








Neutral Axis 
Blocking Point 


[| N 
+ | DE : 


Fig. 131—Resolution of forces at overbreak blocking points 


The assumed active vertical force W at each blocking point is resolved into two com- 
ponents, a radial load force F and a component force F,, acting at 25? to the horizontal or at 
the slope angle of the tangent, whichever is smaller. The force F, induces an equal and opposite 
passive force F, in the rock which can be of any required magnitude. Hence F, is disregarded. 
The radial load force F either induces or opposes the rib force (F, in Fig. 130 a) exerted 
through the block. 
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In semi-circular arches with the load assigned to the blocking points as in Fig. 
118, the slope angle of the passive force F, nowhere exceeds 25°. 


Transfer of forces to the rib 


Fig. 131 shows the neutral axis of one half of a semi-circular rib with 4 blocking 
points, 1 to 4, and the center lines of the "pin-connected links" which transfer the rock 
loads onto the ribs. Blocks 2 to 4 are acted upon by vertical rock loads W. Since a 
pin-connected link can transfer force only in the direction normal to a line tangent 
to the rib at the blocking point, each force W is resolved into two components. One 
component F, called the load force, is normal to the rib and acts on the rib through 
the "link," at the neutral axis blocking point. To fulfill its function of supporting the 
tunnel roof, the rib must be capable of supplying an opposing force of equal or 
greater magnitude. The other component F, is tangential, if the direction of the tangent 
is 25° or less from the horizontal; otherwise it is at 25°. The rock mobilizes a passive 
force F, equal and opposite which neutralizes F, Since the available passive resist- 
ance of the rock is far greater than the greatest value F, can possibly assume, this com- 
ponent F, can safely be disregarded. | 


Forces acting at neutral axis blocking points 


In order to compute the magnitude of the forces which act in the rib it is tempor- 


Passive force mobilized by the rock 
to make up the deficiency of active 
load force ۰ 


W3 


N 










Load Force 


سے 
m ce‏ سے 
Overbreak Blocking Point‏ 


- Thrust 13471 


سین _ 
— 


Fig. 132—Action of forces at blocking point 3 (Fig. 131) 

The rib force F, is the resultant of the two thrust forces T. It is transmitted radially by 
the block to the rock where it is met by the active load force F. This in turn is the radial 
component of the active vertical load force W. If F is less than the rib force F,, the rock 
mobilizes additional passive force by changing the direction and magnitude of passive force F, 
so that the resultant of F, and W is equal to F,. 
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arily assumed that the rib consists of pin-connected segments, 1-2, 23, etc. On this 
assumption the bending moments at blocking points are zero and the thrust acts in 
the direction of the straight line interconnecting adjacent blocking points. Each neutral 
axis blocking point is therefore acted upon by three forces; a normal load force F 
coming from the rock through the block and two thrust forces T coming from adjacent 
blocking points as shown in Fig. 132. 


Every blocking point is in a state of equilibrium. Yet it can readily be seen that 
this equilibrium cannot exist unless force F, is equal and opposite to the resultant of 
thrusts -د۲‎ and T.-,. This resultant is the force exerted by the rib, force F, in Fig. 130. 
If force F4 were removed, the point 3 would tend to move out. Yet point 3 remains 
where it is because the rock prevents such movement by mobilizing a force of passive 
resistance at the overbreak blocking point as in Fig. 130. Hence if the load force F; 
resulting from the active load W, is insufficient to establish equilibrium, passive re- 
sistance makes up the deficiency as shown in Fig. 132. 


As a general rule, in any rib loaded at a series of blocking points, maximum 
thrust will be induced by the load force F at some one point. The rib will be proportioned 
for this maximum. Because of this, the forces F, exerted by the rib at all other points 
will be greater than the active load forces F at these points. Hence the load force F will 
be entirely active at only one point and will be active and passive or entirely passive 
at all other points. In other words, regardless of whether the load on the tunnel roof is 
assumed to be uniform or concentrated, the forces are determined by one concentrated 
load. 


The application of this general principle to the computation of the thrust in ribs 
wil be explained in the following paragraphs. 


METHOD OF FORCE AND STRESS COMPUTATION 


Polygon of forces 


Each blocking point is held in equilibrium by the forces acting on it in exactly the 
same manner as a panel point in a truss. Graphical determination of the thrust in the 
same manner as in a truss design is a quick and easy method and, considering the 
uncertainties involved in the loading assumption, is accurate enough. 


The engineer will make a loading diagram and then a force polygon, calling in 
whatever passive resistance force he needs at each blocking point to establish equi- 
librium and close the polygon. 


Thrust 
Thrust is the force that sets up all stresses in the rib. 


l. Thrust, acting uniformly over the cross section of the rib, produces uniform- 
ly distributed compressive stress. 


2. The eccentricity of the thrust with reference to the rise of the arc between 
blocking points produces bending moment, hence flexure stresses. 


Values of thrust may be scaled from the rays of the force polygon. 


Bending moments in the arch 


The thrusts represented by the rays of the polygon act in the direction of a straight 
line connecting two adjacent blocking points. If it were possible to predict the shape 
of the rock overbreak, ribs could be made up of sections straight between blocking 
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points which, in turn, would eliminate bending stress. However, unavoidable irregu- 
larities in the overbreak make it impracticable to block to any pre-determined pattern. 
This is one of the sources of expense when using timber sets where it is mandatory 
to block at the panel points. 


Steel ribs are curved to permit blocking at the most favorable points. Because of 
the curvature between blocking points, however, the ribs are subject to bending. This 
is not a serious matter as the amount of bending stress is relatively small with normal 
spacing of blocks. (See Table 1 on page 238 of the appendix for maximum block spac- 
ing.) The factors which determine the bending moment are discussed in the following 
paragraphs. 


If the rib were composed of pin-connected curved segments as indicated in Fig. 131, 
bending moment would be zero at blocking points, and maximum M, between, being 
equal to the product of the thrust T and rise h of the arc, 


However, since the rib is continuous over several blocking points, there is a bending 
moment at each of these points acting counter to the bending moment between points. 
Equilibrium requires that the moment M,, at the midpoint between the blocking points 
be approximately equal to the difference between the moment M, and the average M, 
of the moments at the blocking points, 


M, = M, M, (2) 


The bending moments contained in this equation can be computed by means of 
the theory of curved bars.! The distribution of the moments over the length of the 
arch is similar to that of the moments over a uniformly loaded straight beam, contin- 
uous over several supports. The moment M,, corresponds to the maximum bending 
moment between supports and M, to the bending moments at the supports. The 
analysis led to the following conclusions regarding the maximum bending moment, 
Ma, in semi-circular arch ribs bearing against equally spaced blocking points. 
` If the rib is continuous and fixed at both ends, the maximum bending moment occurs 
at each blocking point. It is approximately equal to 


Maa: = M, = 0.67 M, = 0.67 Th (3) 
wherein T is the thrust and h is the rise of the arc between blocking points. 


If the rib is hinged at the crown or at the crown and both ends, the maximum 
bending moment occurs at the blocking points adjoining a hinge, such as blocking point 
5 in Fig. 134. At each of these blocking points, the moment is roughly equal to 


Max = M, = 0.86 M, = 0.86 Th (4) 


Equations 3 and 4 are also approximately valid, if the space between intermediate 
blocking points such as 2, 3, 4 and 5 in Fig. 134 is less than the space between the 
hinge and the next blocking point. If this conditions prevails, h in eqs. 3 and 4 denotes 
the rise of the arc in the hinged or end-sections. 


Fig. 134 represents an arch rib which is hinged only at the crown point. In accord- 
ance with the preceding discussion, the maximum bending in such a rib occurs at the 
first blocking point away from the crown joint block provided the distance between 
blocking points either side of this point is the maximum permitted by the assumption. 
The point is marked No. 5 and according to equation 4 the bending moment at that 
point is equal to 0.86 M.. 


l. See for instance S. Timoshenko, Strength of Materials, Part II. D. Van Nostrand Co. Ltd., 2nd edition, 1941. 
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d Maximum fibre stress in the arch 
The maximum fibre stress is equal to the 


3 sum of the compressive stress due to the 
R thrust and the maximum compressive stress 
` ; due to bending. 
Stresses in straight leg (no side pressure acting) 
2 The straight leg of a continuous rib rep- 
resents a slender column acted upon by a 
/ vertical axial force equal to the thrust in the 
| arch and by a bending moment due to con- 
| tinuity between leg and arch. 
1 Spring Line As a general rule the profile suitable for 
i | the arch will be satisfactory for the leg. This 
\ is because the stresses become critical only 
v in extremely long legs. In such a case, dimen- 
`x (M sional limitations would prohibit shipping and 
q I ' the type of support would be changed to the Rib and 
< E Post, or the Rib, Wall Plate and Post types. In these 
d types, there is no continuity between arch rib and 
F ! post, and no bending moment is transmitted to the 
post. It acts as a long column and is designed inde- 
ہہ‎ ۲ N pendently of the arch rib applying the well known 
I | long column formulas commonly used in structural 
T d. design. 
| l An accurate computation of the critical stresses 
1 in the leg of a continuous rib would be out of propor- 
Vin ' j I tion to the uncertainties associated with the estimate 
I of the acting forces. For those interested, an approxi- 
/ mate conception as to the degree of safety of the 
li leg can be obtained by means of the following 
/ procedure. 
Fig. 133—Deflection of leg First the allowable compressive stress f,.q for the 


leg is computed on the assumption that the leg acts 
as a slender, concentrically loaded column. Then the maximum fibre stress f. due to 
direct compression and to bending at midheight of the leg is computed. If f. is smaller 
than fra the leg may be considered safe. 


The following considerations enter into the computation of stresses in the leg. 


1. Because of continuity with the arch portion there is a bending moment M, in the 
leg. This is maximum at the top, decreasing uniformly to zero at the foot. (It is assumed 
that the lowest arch blocking point is at the junction of the leg and arch.) This bending 
moment causes the leg to deflect toward the middle of the tunnel a distance d, as 
shown in Fig. 133. The point of maximum deflection is .422 1 below the top of the leg 
where 1 is the length of the leg. 


The intensity of the moment M, varies with the arrangement of the blocks on the 
arch. The maximum value, only, need be considered. M, is the maximum when the 
first blocking point above the spring line is at the maximum permitted distance and 
the arch conditions are maximum as previously defined. 
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If the leg were perfectly rigid, the bending moment at the upper end of the leg 
would be about .67 M.. However, the leg is free to deflect as in Fig. 133 and the effect 
of this deflection is to reduce the bending moment to less than 0.67 M,. Therefore 
the value M, — 0.67 M, is on the safe side. 


2. The leg is loaded also by the vertical thrust R, exerted by the arch at the spring 
line. This force not only causes axial compression, but, since the leg is now "bowed," 
increases the bending moment which in turn increases the deflection from d, to do, 
Fig. 133. The increase in the deflection from d, to d» is commonly so very small in 
the range of leg lengths and beam sizes commonly encountered that it increases the 
bending moment less than 3% and therefore can be neglected. 


Since the maximum deflection occurs at a point between 0.4221 and 0.51 below the 
top of the leg, the total being moment at that point is equal to 


M, = (1.0 — 0.422) x 0.67 M, + Td, 
Since M, — Th . (equation 1), 
M, — 0.38 Th + Td, (5) 


At the upper end of the leg the moment is 0.67 Th. If the length of the leg does not 
exceed that of the leg of a customary continuous 2-piece continuous rib, the value 
0.38 h + d» is always very much smaller than 0.67 h, or in other words, M. is always 
smaller than the moment at the top of the leg, M, — 0.67 Th. Yet the rib is dimensioned 
such that it can even stand a bending moment Mna, = 0.86 Th (equation 4). Therefore, 


the maximum stress in the legs of a continuous rib is always smaller than the allow- 
able stress. 


For those interested in approximating the stresses in the leg, the computations are 
set forth under Example No. 1 in the next chapter. 


Side pressure on legs 


Only occasionally is side pressure encountered in a rock tunnel. Example No. 4 in 
Chapter 11 shows the serious reduction of capacity of a straight legged rib when called 
upon to resist side pressure. Where slight side pressure is anticipated, the leg of the 
rib should be curved and blocked at suitable intervals. To prevent inward movement 
at the bottom, the foot may be pocketed or an invert strut provided. When the set is 


wedged tight, the legs exert an outward force against the rock to counteract side 
pressure. 


If heavy side pressure is encountered, conversion to full circle ribs should be 
seriously considered. 
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Chapier 11 


DETAIL PROCEDURE FOR AND EXAMPLES OF 
COMPUTATION OF STRESSES 


INTRODUCTION 


In this chapter a method of computing stresses in ribs will be explained step by 
step. To illustrate this explanation the stresses in a 2-piece continuous rib for a tunnel 
with a semi-circular roof, Example No. 1, will be computed. Examples No. 2 and No. 3 
illustrate the method as applied to other shapes of tunnels using other types of support. 
All data referring to the first example will be preceded by the notation Example No. 1. 


Example No. 4 is included to show the effect of side pressure on straight-legged 
ribs and the beneficial effect of converting the tunnel cross-section to a full circle 
when side pressures are encountered. 


EXAMPLE NO. 1 24 FT. x 27 FT. TUNNEL 
Construction of load diagram 


Example No. 1 See Fig. 134, a tunnel 24 ft. wide, semi-cir- 
cular arch, 13 ft. vertical side walls. Crown is assumed 
to be hinged and the ends of arch are fixed. 


1. Draw the outside "design" line of the concrete for half the tunnel. 
2. Draw in the rib, with its outside flange on the outside design concrete line. 
Assume 1” rib depth for each 3 feet of tunnel width. Draw neutral axis of rib. 


Example No. 1 8" rib. 


J. Draw in the "overbreak" line parallel to outside flange of rib. 
Example No. 1 8" offset from rib. 


4. Assume the maximum blocking point spacing and indicate the blocking points 
on the outside flange of the rib. One blocking point should be at the junction between 
arch and straight leg (at or near the spring line); another located not more than 6 in. 
from the crown joint. Label the blocking points 1, 2, 3, etc., starting at the spring line. 


As the rib must be designed for maximum conditions, the second and third blocking 
points from the crown joint should be at the maximum spacing from the first blocking 
point. This induces maximum thrust in the arch. A maximum blocking space should 
separate the spring line blocking point from the one next above to induce maximum 
bending moment in the straight leg. 


Example No. 1 90 in. maximum blocking point spacing, 
assumed. 


5. Project blocking points radially to the overbreak line and neutral axis. 


6. Assume the upper boundary of the body of rock which is to be carried by the 
rib. Draw vertical lines upward from the mid-points between the overbreak blocking 
points. The panels thus obtained represent the volume of rock acting at each blocking 
point. 


Example No. 1 10 ft. of rock. 
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7. Assume a rib spacing, and weight per cubic foot of rock. (Table IV at the end 
of this chapter gives weights of various rocks.) Compute the vertical load at each point 
and, to some suitable scale of pounds per inch, show each load acting vertically on 
the overbreak blocking point, as W; in Fig. 134. 

Example No. 1 10 ft. of rock; 4 ft. rib spacing; weight 
of , 170 lbs. per cu. ft. — 6800 lb. per ft. of rib, projected 
on a horizontal line. 


8. As shown in Fig. 131 resolve each vertical force W at the overbreak blocking 
point into a radial load force F and a tangential component F, if the tangent is inclined 
less than 25? to the horizontal, otherwise a 25? component as in Fig. 130 h. 


9. Show an upward vertical reaction R, at the spring line (point 1). 


10. Draw in the chords connecting the neutral axis blocking points. These chords 
represent the direction of the thrust in each panel. 


Construction of force polygon 


11. From a common point (pole) draw a vertical ray R, and rays parallel to each 
thrust line (chord) and label them T,-», To-s,etc. End up with a horizontal ray ۰ 


12. Compute the sum R, of all the vertical loads W which act on one-half of the 
tunnel roof. According to Fig.' e roof carries only one of the two components of 
each of the weights W. Therefore the total vertical pressure R, on one-half of the roof 
is smaller than R,;. However, its real value is not yet known. Hence, it is necessary 
to construct a trial polygon starting at an arbitrarily selected point on the ray R,. For 
the sake of convenience, it is advisable to assume this point at a distance 0.80 R,, from 
the pole. Starting at this point draw a line f, (parallel to force F, on the load diagram) 
to intersect ray 1-2. From this intersection draw a line f, parallel to force F. to intersect 
ray 2-3, and repeat until the horizontal ray R, is reached, thus completing the trial force 
polygon. 

Example No. 1 Rv is 86133 lbs. 80% of Rv is 68906 lbs. 


13. Now compare وا‎ on the polygon with force F. on the load diagram, fs with 
force F4 and so on. Usually at one or more points the radial component F on the load 
diagram will exceed the corresponding trial polygon force f. 


14. Transfer all forces F which exceed the corresponding trial polygon forces f to 
the polygon, extending the rays as necessary, and complete a new polygon for the 
force f farthest removed from the pole. This is the true force polygon. It will be noted 
that all the other true polygon forces f are now greater than the corresponding forces 
F on the load diagram. The excess represents the force of passive resistance mobilized 
by the rock against the active tendency of the rib to advance toward the rock. 

Example No. 1 Maximum excess is at point 6. In Fig. 134 
the passive resistance furnished by the rock has been plot- 
ted as the thick part of the arrow. 


Determination of thrusts 


15. The length of the rays of the true force polygon represent thrust. Since the 
design must be based on the most unfavorable stress conditions, determine which is the 
longest ray. 


Example No. 1 Thrust is uniform and maximum in all 
panels of maximum block spacing because of constant 
curvature of rib. Thrust scales 85600 lbs. 
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Note: The excess of R, over R, in Fig. 134 represents that part of the rockload on 
the roof which is transferred by friction forces onto the rock located next to the tunnel. 
It is always very small compared to the total load which the friction forces could 
carry. Thus, for instance, in Fig. 134 the excess amounts to about 0.02 R, whereas the 
friction forces could carry at least R, X tan 25? = 0.45 Ra. This is due to the fact that 
the vertical component of the passive forces (thick part of the arrows F, to F;) relieves 
the load which would otherwise be carried by the friction forces. 


Bending moment 


16. As stated in Chapter 10 it is not worth while to determine the intensity of the vari- 
ous moments as the rib, being of constant section, must be proportioned for the marxi- 
mum. This maximum occurs at the blocking point next to the crown joint blocking 
point. The bending moment Mna, cannot exceed .86 M, and for design purposes may be 
taken as .86 M.. 


Example No. 1 Maximum moment is at point 5. 


Maximum total stress 


17. The sum of the compressive stress due to the thrust and the maximum compres- 
sive stress due to bending is the maximum total stress. 


Computations for stresses in arch rib 
18. The following symbols are used in the formulas below. 


C — Chord length between neutral axis blocking points, in inches, (measured 
on the load diagram or computed). | 


Example No. 1 48.4 in., computed. 

R — Radius of neutral axis of rib, in inches, from load diagram. 
Example No. 1 140.0 in. 

h — Rise of arc between blocking points, in inches, computed. 


M, — Bending moment in inch-pounds if rib sections could be pin connected 
at blocking points, computed. | 


Mma: = Maximum bending moment, in inch-pounds, in rib continuous for at 
least 4 blocking points, computed. 


T — Thrust, in pounds, scaled from true force polygon. 
Example No. 1 85600 ۰ 


S — Section Modulus of beam under consideration, from structural hand book. 


Example No. 1 8 x 5] in. WF-beam, 21 lbs. per foot. 
S — 18.0 in.? 


A — Sectional Area of beam under consideration, less holes, in sq. inches, from 
structural hand book, reduced by computation. 


Example No. 1 A — 6.18 sq. in. less .22 sq. in. for 7/8 in. 
tie rod hole — 5.96 sq. in. 


f, = Stress in arch portion of rib, in pounds per sq. in., computed. 
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The following formulas are used in stress computations: 


A C 2 
هر‎ =a 2 =D 
h=R R + 2 
Example No. 1 h —140 — 1402 — se) = 2.1 in. 


M,—hT (equation 1) 
Example No. 1 M, — 2.1 x 85600 — 179,760 in.-lbs. 
M, = .86 M, (equation 4) 


Example No. 1 M, = .86 x 179760 — 154594 in.-lbs. 


85600 154994 


Example No. 1 f. = -5 18 


= 22950 lbs. per sq. in. 


fan — Allowable fibre stress — 24000 p.s.i., for temporary construction. (May be 
set at any desired figure.) 


Example No. 1 Since the stress f, of 22950 p.s.i. is less than 
the allowable stress fan of 24000 p.s.i., this rib is consid- 
ered satisfactory. 


Leg checked as a column 


19. Having thus selected the beam to be used for the arch, it may be interesting to 
investigate whether this beam is capable of acting as a column to carry the forces 
. down to subgrade. In Chapter 10 it is shown that the leg is normally amply strong, 
but a check is made here for the benefit of those interested. 


First, the permitted stress in the leg is computed by means of one of the custom- 
ary column formulas. This computation takes care of lack of true homogeneity in the 
metal, variation in the shape and thickness of the section, and eccentricity of appli- 
cation of the forces. All of these departures from perfect conditions cause the axial 
force to set up a bending moment in the leg. This moment is maximum at the middle 
of the leg and requires reduction of the allowable stress. 


Second, the stress in the leg is computed and compared to the reduced allowable 
stress. 


20. The following symbols are in addition to those in Paragraph 18. 

f... = Maximum permitted fibre stress at mid-point, in lbs. per. sq. in., computed. 
` fan = Allowable fibre stress — 24,000 p.s.i., for temporary structures, assumed. 

M, = Bending moment at spring line in inch-lbs., computed. 


M. = Bending moment at point of maximum deflection of leg in upper half of 
middle third, in inch-lbs., computed. 


d, = Deflection of the leg caused by bending moment M,, in inches, com- 
puted. 
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d. — Total deflection of leg in the upper half of the middle third, caused by 
the sum of the moments, in inches, computed. 


E — Modulus of Elasticity of the structural steel used in the rib, which is 
29,400,000 lbs. per sq. in. 


I — Moment of Inertia of the beam under consideration, from structural hand 
book. 


Example No. 1 I= 73.8 in.: 


R, — Thrust acting on the leg, in pounds, scaled from true force polygon. 
Example No. 1 R, — 84500 lbs. 


1 — Length of leg below spring line blocking point, in inches, from load dia- 
gram. 


Example No. 1 ] — 156 in. 
f1 — Stress in leg at spring line, in lbs. per sq. in., computed. 


f. — Stress in the leg at point ot maximum deflection, in lbs. per sq. in., com- 
puted. 


r — Radius of gyration for the major axis of the section, from structural hand book. 


Example No. 1 r — 3.45 in. 


Stresses in leg 


21. Reduction of allowable stress. Two commonly used formulas for reduction of 
allowable stress in columns are given below. 


fan 
12 


frea = 


arr‏ وق 





Example No. 1 frea = س‎ = 22,115 ۰ 


"1562 
n 24000 x 3.452 


This is the American Institute of Steel Construction formula for Strut Loading. 


o fn  _ = ij 
یچب‎ s |o — ال س‎ 


Example No. 1 


frea 24000 × | 17000 — .485 وا‎ = 21,345 psi. 





18000 3.45 


This is the well-known straight line formula adjusted to an allowable fibre stress 
other than 18000 p.s.i. This straight line formula will ordinarily give somewhat lower 
values than the A.LS.C. formula in the range of l/r commonly encountered in rib 
design. 
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22. Computation of stresses in leg. The following formulas are used. 
M, — .67 M, — .67 hT 


Example No. 1 M, = .67x2.1 x 85600 == 120,440 in.-lbs. 





T M, 
h = At تچ‎ 
Example No. 1 {= = سے‎ — 21050 p.s.i. 
ú M, 2 
d, = .0642 لت‎ 
Example No. 1 d, = .0642x دی یی‎ — .087 in. 
— (578M)? 
M. = -578 M, — d; R, 
(.578 x 120440)? 


Example No. 1 M. — = 77800 in.-lbs. 


..578x120440—.087x84500 - 








Example No. 1 f. _ ue te — 18500 p.s.i. 


To be satisfactory, the stress in the leg must satisfy both conditions below. 


fı must be less than fin 


Example No. 1 21050 is less than 24000 


f. must be less than frea 


Example No. 1 18500 is less than 21345 (or 22115) 
Thus the beam selected for the arch rib is also quite satisfactory for the leg. 


EXAMPLE NO. 2 DOUBLE TRACK RAILROAD TUNNEL 


For this example the standard cross-section for a double track railroad tunnel as 
shown in the A. R. E. A. handbook is chosen. It differs from Example No. 1 in that the 
arch is not semi-circular, and that due to its size, the rib and post type of support is 
used. Fig. 135 illustrates this example and sets forth the various assumptions as to load- 
ing, blocking point spacing, rib size, etc. The same symbols are used as in the previous 
example. 


C = Chord of 3'-7" blocking point space at haunch = 41j in., computed. 

R — Radius to neutral axis of rib at haunch — 9'-10" — 118 in. 

S = Section Modulus of rib. For 8x 8 in. WF-beam 40 lbs. per foot, S — 35.5 in.3 
A — Sectional area of rib, reduced for tie rod holes. A — 11.44 sq. in. 
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UNIVERSITY OF MICHIGAN 


at = Allowable fibre stress in rib = 24000 p.s.i. 
Maximum conditions prevail at point No. 2. 


T = Thrust = 163500 lbs., scaled from force polygon. 


Computations for maximum stress in the arch 


2 
h = ne 1182 — (525 = 1.8 in. 


M, = 1.8 x 1635000 — 294300 in.-lbs. 
M max — .86 x 294300 = 253098 in.-lbs. 


r — 169500 , 253098 
r” 1144 T 355 








— 21422 p.si. which is considered satisfactory. 


Computations for stress in the post. 
Assume an 8x8 in. WF-beam at 31 lbs. per foot for the post. 
A — 8.87 sq. in. 
r — 3.47 in. 
1 — Length of post = 227 in. 
R. = 162500 lbs., scaled from true force polygon. 


|. 162500 
“= — 8.87 


24000 _ 227 = 
frea = aAA -i8000 * 17000 — ass | (ay | 19898 ۰ 


Since f. is less than frea, this post is considered satisfactory. 


— 18320 p.s.i. 





EXAMPLE NO. 3 TWO LANE HIGHWAY TUNNEL 


For this example, the cross-section of the Pennsylvania Turnpike Tunnels is used. 
The arch departs from the conventional semi-circular shape to provide for a ventilat- 
ing duct. The 10 foot rock load assumed herein may be greater than the loads actually 
encountered in the driving of these tunnels. It is used, however, for the sake of com- 
parison with other examples. Fig. 136 illustrates this example. 


C — Chord of 5'-9" blocking point space — 66.84 in., computed. 

R — Radius to neutral axis of rib — 187 in. 

S — Section Modulus of rib. For 10x 8 in. WF-beam 41 lbs. per foot, S — 44.5 in.? 
A — Sectional area of rib reduced for tie rod holes. A = 11.78 sq. in. 
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fa; = Allowable fibre stress in rib = 24000 ۰ 
Maximum conditions prevail at point 3. 


T = Thrust — 163500 lbs., scaled from true force polygon. 
Computations for maximum stress in the arch 


2 
p= 167 Ai —( $884)? دوع‎ in 


M, = 3.1 x 163500 — 506850 in.-lbs. 
M, = .86 x 506850 — 435891 in.-lbs. 


163500 , 435891 


f; = T1787 445 ^ 23674 p.si, which is considered satisfactory. 


Computations for stress in the post 
Assume 10 x 5} in. WF-beam at 21 lbs. per foot. 
A = 5.97 sq. in. 
r — 4.14 in. 
] — length of post — 194 in. 
R, — 118750 lbs., scaled from true force polygon. 





118750 — | 
24000 194۱۶ | _ ۱ 


Since f. is less than frea, this post is considered satisfactory. 


EXAMPLE NO. 4—TUNNEL SUPPORT SUBJECT TO SIDE PRESSURE 


This example sets forth the computations made in connection with Fig. 115 page 
186 to illustrate the advantages of a full circle rib over a straight legged rib when side 
pressures are encountered. Where side pressure is present it is necessary to lag tight 
and pack solid, as would be the case in squeezing rock. Hence the blocking point 
spacing is reduced to zero and because of this, there are no bending stresses in the 
curved portion of the rib. 


In the following paragraphs, the maximum stress in the rib is computed for each 
type under vertical and under combined loading. This is done for 10 ft. of rock, weighing 
170 lbs. per cu. ft. with ribs spaced at 4 ft. The respective carrying capacities in ft. of 
rock is then obtained by increasing the load till the fiber stress reaches the permitted 


stress. 
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Case 1 Vertical load only on straight legged rib (shown on left side of Fig. 115.) 


An inspection of the force polygon shown in Example 1, where a 50-in. blocking 
point spacing was used, reveals that the thrust T is less than the total vertical reaction 
R... As the blocking point spacing is reduced the thrust T increases until at zero spac- 
ing T = R... 


R.: = the vertical load on half the tunnel. 


۲-8, — nx 4 x 10 x 170 — 81600 lbs. 


A — 8.870 sq. in., for 8x 8 in. WF-beam, 31 lbs. (after deducting for tie rod hole) 


(T _ 81600 
"= A 07 





— 9200 ۰ 


Inasmuch as there is no bending moment in the arch rib, f, is also the stress in the 
straight leg, or f, — f.. However, the leg is considered to be a slender column and 
whereas the allowable fibre stress fan in the arch may be taken as 24000 p.s.i. the 
fibre stress frea permitted for the leg is smaller on account of the danger of buckling. 


r — 3.47 in., for 8x8 in. WF-beam, 31 lbs. 
1— 114.8 in., the length of the straight leg. 


24000 


Y 
freca سب 17000 18000- سے‎ .485 "i zz 21900 05. 


As f. cannot exceed f.a, the leg limits the capacity of the rib set. The capacity H, 
in feet of rock then is 


RN x 10 feet of rock or 21900 





Hi = 


Case 2 Side unit pressure equal to 1/3 the unit vertical pressure acting on the straight 
legged rib (shown at the left in Fig. 115.) 


The thrust T in the arch remains the same as in Case 1 as the vertical load on the 
arch rib causes the rib to press outward against the rock with a greater force than the 
assumed inward horizontal pressure. (Note: This statement is true for the ratios of leg 
length to arch rise and horizontal pressure to vertical pressure in this example. À longer 
leg and/or greater ratio of horizontal to vertical pressure may vitiate this statement.) 


There is no bending moment transmitted into the leg from the arch as in Example 1. 
Bending and deflection in the leg does result, however, from the horizontal pressure. 
Hence the leg is subjected to combined stress, ie. compression due to the thrust T 
transmitted into it from the arch rib, and bending stress from two causes, one being 
from the active external horizontal ground pressure, and the other from the thrust acting 
about the deflection resulting from the first. 


Since the thrust T and consequently the stress in the arch is known, as explained 
in Case 1, the following computations deal only with the stresses in the leg, which 
limit the capacity of the rib set. For the sake of simplicity the straight leg is consid- 
ered to be vertical. 
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The following additional symbols and formulas are used in the computations. 


M, = Bending moment caused by lateral pressure, in in.-lbs. M, is maximum at 
.125 x 1 below mid-point of leg. 


M. = Bending moment from all causes combined at point of maximum deflection, 
in in.-lbs. The maximum deflection is slightly below mid-point of leg. 


d, — Maximum deflection of leg caused by moment M, in inches. This occurs at 
.078 x 1 below mid-point of leg. 


Total maximum deflection, from all causes combined, in inches. Maximum‏ = رل 
slightly below mid-point of leg.‏ 


E — Modulus of Elasticity, 29,400,000 p.s.i. 

I — Moment of Inertia, 109.7 in.*, for 8x 8-in. WF-beam, 31 lbs. 

R, = R,, =T = Thrust acting on leg, 81600 lbs. 

f. = Stress in leg at point of maximum deflection, in ۰ 

W = Total horizontal pressure of rock on straight leg, in pounds. 
H, = Height of rock causing vertical load, 10 ft. 

w — Weight per cu. ft. of rock, 170 lbs. 

1 — Length of straight leg in inches, = 114.8 in. 

s — Rib spacing, 4 ft. 


W= sH wl 47 10 ۲ 170 ۶ 8 
T 3x12 3x12 





— 21700 lbs. 


M, = a for a beam fixed at one end and with simple support at 


14.2 

the other = -21700 x 1148 _ 175,440 in.-lbs. This occurs at .125 x 1 or 14.3 
in. below mid-point of leg. 

W1? 21700 x 1512954 


d, — — .055 in. This occurs at .078 x 1 or 9 in. 


185۳۲ 185 x 29400000 x 109.7 
below mid-point of leg. 


The above moment and deflection are increased by the thrust T acting around d, 
as a lever arm. These are both maximum near the mid-point of the leg so that when 
added to M, the resulting total moment M. is maximum just below the mid-point. It 
is not important to find out just where. 


M, 2 1754402 


M.—-M,— d,R«. 175440 — .055 x 81600 


— 180,050 in. lbs. 


( — R. , M. 81600 , 180050 
c= AR T s — 887 ^ 274 











— 9200 + 6571 = 15770 p.s.i. 
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This stress was caused by 10 ft. of rock. The capacity of the rib set then is 


frea _ 21900 


H, = 10 x st — ng = 18.9 ft. 





Thus it may be seen that when side pressure is acting the straight leg reduces 
considerably the load which may be carried by a horseshoe shaped rib as shown in 
Fig. 115. 


This limitation may be removed by converting to a circular extrados as shown at 
the right of Fig. 115. Design for the circular shape is described below. 


Case 3 Full circle rib 


A circular rib, using the same rib profile as the horseshoe shape is drawn over the 
horseshoe layout, allowing for minimum concrete thickness at the bottom corners and 
the crown. The size required for the 24 ft. by 24 ft. tunnel under consideration is 26 
ft. O. D. 


Since the ribs are fully lagged and dry packed there is no bending moment in the 
rib. Passive resistance of the surrounding ground causes the thrust line to pass through 
the centroid of the rib section at all points as previously described. Therefore, the stress 
is entirely compressive, and is equal to one-half the vertical load. (Horizontal thrust in 
the ring due to vertical load is greater than the active horizontal load from the ground.) 


The number of feet of rock which the rib will carry is determined from the com- 
pression strength of the rib. 


T — Ry: = Afen = 8.87 x 24000 — 212,880 lbs. 
2T  2x212880 


H= (OD) sw 26x4x170 ~ 2+! feet of rock 
TABLE IV 
Weights of Rocks in pounds per cubic foot 
Coarse-grained igneous rocks Fine grained igneous rocks 
Diorite - - - - - - 170 to 186 Andesite - - - - - 159 to 178 
Gabbro - - - - - - 178 to 195 Basalt - - - - - - 175 to 192 
Granite - - - - - - 145 to 176 Rhyolite  - - - - 131 to 9 
Syenite - - - - - - 164 to 181 Trachyte - - - - - 160 
Metamorphic rocks Sedimentary rocks 
Gneiss - - - - - - 165 to 182 EU 968 mec d to 150 
کے‎ dale e ux 7 omite - - - - - to 168 
سس‎ - ii 2 Limestone - - - - - 131 to 168 
مہ‎ ee بیو‎ x Sandstone - - - - - 125 to 168 
Schist - - - - - - 168 to 182 Shade - - - - - - 125 to 168 
Slate - - - - - - - 162 to 175 Crushed rock, saturated 125 to 150 
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IMPORTANCE OF STRUCTURAL DETAILS 


To attain the most economical results it is not enough to select the most efficient 
types of steel support. The details of that support are equally important. Safety requires 
that it be possible to erect a set in minutes. Whatever meets this fundamental condition 
automatically produces low erection cost and speedy tunneling. 


Simplicity of design and detail essential 
For speed of erection in the tunnel it is essential to 


)1( design the support system with the minimum number of individual 
members, hence the minimum number of joints; 


(2 design the joints with the utmost simplicity and the absolute mini- 
mum number of bolts; 


(3) fabricate the members with ample bolt and wrench clearances and 
easy fits. Time-consuming close fits are not tolerable under the trying 
conditions inherent in tunnel support erection. 


Bolts 


Another detail which requires and received special attention is the bolt. Bolts are 
used very sparingly, and generally as an aid to erection rather than a stressed part. 
Holes have generous clearance, much more than standard in structural practice. The 
threads are free-running and quick acting similar to those used for fitting up purposes. 
They will stand considerable abuse and the nut cannot be started cross-threaded. 
Heads are the same dimension across the flats as the nuts, thus the same wrench 
works on both. 


Design and details of "Commercial" Support based on wide experience 


The details of the steel supports illustrated on the following pages have been 
developed and selected from an experience gleaned from contact with several hundred 
tunnels over a period of 26 years. Speed and ease of erection has been the prime 
consideration in mind in adopting each detail. Low fabricating and erection costs are 
the natural corollaries. 


Many joints and attachments depart radically from conventional structural design 
practices. Each one, however, satisfies tunnel design requirements. The butt joint has 
practically displaced the spliced joint, and riveting has given way to welding. The 
simplicity resulting from this departure from tradition to functional design satisfies 
the peculiar requirements of tunnel support. 


"Commercial" Standards 


The details shown on the following pages are considered standard by "Commer- 
cial" having been developed and proven on many tunnel jobs. They are presented as 
a guide to Designers, Contractors and others who may be preparing plans, specifica- 
tions or estimates for a tunnel project. 


It is recognized, however, that special cases will require special treatment, so these 
details are not to be considered as "hard and fast” rules. Details are affected by the 
method of attack and by ground conditions, handling and erecting equipment, etc., so 
that a departure from the standard details may be advantageous. "Commercial" is 
equipped and willing to furnish supports whose details differ from those shown herein. 
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FABRICATING INFORMATION 


All Ribs Cold Pressed 


"Commercial" bends all ribs by pressing cold, in dies. This requires extremely 
heavy pressure, but produces better, stronger ribs. 


Cold working steel greatly increases its elastic range, and practically eliminates 
the yield point. This means that the curved portion of the rib is stronger than it was 
before, and will carry much more load than a rib not cold worked. 


Bange of Bending Capacity 


"Commercial" has tools for bending beams of any size up to 16" H-beams, and 
press capacity for bending larger sections. 


Bending Limits 
Minimum practical outside radii for cold bending of beams is as follows: 





STEEL 


Softer Grades ASTM A7-33 Harder Grades ASTM A7-42 


Section Minimum Ultimate Strength | Minimum Ultimate Strength 
95000 p.s.. 60000 p.s.i. 


; animum. 66ا0‎ Neus BPB Outside Radius : تست‎ Rodius: e Outside Radius 


I-beams «x Rib Depth و‎ Rib Depth 


H-beams and WF-beams 8 x Rib Depth SC WE 10 x Rib Depth 


À rib may be bent to one or more radii with or without tangents at one or both 
ends. 


Tolerances 


The standard contour tolerance provides that ribs shall conform to a true template 
at the ends but intermediate points may depart 3.8 from the true template, provided 
that no point shall depart more than 1, 8” from a template section 3 feet long. 


RIB CAPACITIES 
Rib Capacity Tables 


Tables ا‎ and 2 on the following pages will be helpful in making a preliminary 
selection of rib size. They show the allowable vertical load, in pounds per lineal foot 
of rib, projected on the horizontal, when applied to the rib at blocking points spaced 
as indicated. The assumptions which were made when computing the table values 
are graphically represented in Figs. 2 and 3 on page 239. 


Data given is for tunnels with a semi-circular roof. Ribs for tunnels of other shapes 
should be investigated by the method described in Chapter 11, pages 219 to 232. 
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RIB DETAILS 


LAGGING STOPS 


Frequently on the "Continuous Rib" type of rib, a shelf angle is welded across the outer 
flange at spring line. Erection of lagging starts upward from this angle, or the angle may 
serve to support blocking at spring line. Additional stop angles are furnished as required. 


LATERAL BRACING HOLES 
Pairs of holes are punched in the webs of ribs for tie rods 


or spreaders, required for lateral bracing. 


Number of Holes— 


Not less than three pairs in each curved rib segment, one 
near each end and one or more intermediate. 


Not less than two pairs in each straight rib segment. 





Spacing— 


As required by design consideration but not more than 60 times the radius of gyration 
about the minor axis. 


Center Distance— 


For collar braces between tie rods, 
—8" (Fig. 7.) 


For collar braces above tie rods, 
and for spreaders,—3” (Fig. 8.) 


Location— 


On center line of rib unless required 
elsewhere. 





Dimensions other than "Commercial" standards furnished to meet special conditions. 
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FOOT for use on Wood Blocking 


Foot Plate— 


Area— 


Sufficient foot plate area is pro- 
vided to distribute the rated 
capacity of the rib over the 
blocking at a maximum of 1000 
lbs. per sq. in. 


Length and Width— 
Are proportioned to suit rib 
size. 


— 
0 


Wood Blocking 
تس‎ 











Thickness— Fig. 9 


Is determined from relative sizes of foot plate and rib and is made sufficient to prevent 
distortion. 


DOUBLE FOOT 

A rock tunnel is usually holed through before concreting which means that loads have a 
long time to build up. When doubt exists as to the ability of the ground under the foot blocks, 
or the foot blocks themselves, to carry the increasing loads, it is desirable to pour the invert 
concrete soon after the steel support is erected. 

The ‘Double Foot,” shown in Fig. 10, first puts the load on the foot blocks and later, on 
the invert concrete, when poured. 


Foot Plate— 
Designed as above for wood blocking. 


Is sufficient to spread the rated capacity of the rib over the concrete at 1200 lbs. per 

sq. in. 

Elevation— 
Is such that the upper face is flush 
with the top of the invert concrete, 
except where it is desired to set the 
ribs "high." In this case the invert 
plate is attached lower. 


g =m aœ س‎ 
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RIB DETAILS 


FOOT for use on Double Beam 
Wall Plate 


Foot Plate— 


Length— 
Qut to out of wall plate 
beam flanges. 
Width— 
Rib flange width plus 
1/2", minimum 7” 
Thickness— 
1/2" 
Hole Spacing "4 — 
4" to 7" Ribs— 41/2" 
8" and up Ribs — 5-1/2" 


Thrust Cleat— 
5/16" x 3-1/4” x 3-1/4” 


Toggle Plates— 
Length— 
6-1/2” 


Width— 
4” to 7” Ribs— 3” 
8" and up Ribs — 4" 


Thickness— 
1 L4 d 


Bolts— 


1” x 3” 


Blocking Plate— 
Furnished on request. 


Height— 

8" or as specified 
Length— 

8" or as specified 


Thickness— 
3/8" 


Dimensions other than "Com- 
mercial" standards furnished to 
meet special conditions. 
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RIB DETAILS 





Bolts— 
3/4" x 2" 


Blocking Plate— 
Furnished on request. 


Height— 
8" or as requested. 


Length— 
8" or as requested. 


Thickness— 
3 1 8" 


Dimensions other than "Commercial" 
standards furnished to meet special con- 
ditions. 
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FOOT for use on Single Beam Wall Plate 
Foot Plate— 


Length— 


Wall beam flange width or rib depth 
on the mitre, (whichever is the 
greater) plus 1”. 


Width— 
Rib flange width plus 5-1/2” 


Thickness— 
1/2" 


Hole Spacing "A"— 


For 6" Wall beam flange — 3-1/2” 
For 8" Wall beam flange — 5" 
For 10" Wall beam flange — 5" 


Ó 14 
I 
۱ 
Hu را‎ 


Fig. 13 


RIB DETAILS 


FOOT for use on Flat Wall Plate 


Most frequently, when using a "Flat" wall plate, 
no foot is required for the rib. 


In some cases it is desirable to align ribs indi- 
vidually by wedging between rib and wall plate, in 
which event a foot is provided on the rib. (See Fig. 14.) 





Foot Plate— 
Length— 

Distance between inside of flanges of the 3 | 

"Flat" wall plate, minus 1/2" for clearance. ۱ i ۱ 

ic ۱ 

| === 

Width— ۲ T 

i ۱ 

Rib flange width plus 1/2". L: Fig. 14 Uu 


Thickness— 
Usually 3/8". 


Holes— 


None. 


SLIP-ON FOOT 


If it is anticipated that the length of the leg may vary, a loose foot is provided which is 
slipped on after the leg has been burned off in the field to suit the condition encountered. 


Two angles are welded to the foot plate to locate the foot on the leg, as shown in Fig. 15. 


Foot Plate— 
Same as "Foot, for use on Wood Blocking," see page —. 


Locating Angles— 


Size— 


2-1/2” x 2-1/2” x 1⁄4”. 





7-1 بح سم 
Length— | i l‏ 
Distance between inside of rib flanges less 1” for + T‏ 
clearance and weld. li 1‏ 
I ۱‏ 

Fig. 5 
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RIB DETAILS 


RIB FOOT for use on Posts 


Foot Plate— 


Length— 
Rib or post depth on mitre (whichever is 
greater) plus 1". 


Width— 
Rib or post flange width (whichever is 















greater) plus 1/2", minimum 7”. T~ T 
1 QU 1 
Thickness— ! n 
4” to 7” ribs — 1/2” T I 
8" and up ribs — 5/8" PAGES NT 


Hole Spacing— 
"A"—Half the foot plate length 


"B"—2-3/4" 
1 
"C"—Nominal Rib or Post depth (which- x! 
ever is less) minus S”. d t- 
xf 
x | 





CK 


e 





Bolt Size— 


4" and 5" Ribs—3/4" x 2" sq. 
6" and up Ribs—1" x 3" hex. 


Tw 
NI 





Dimensions other 
than "Commercial" 
standards furnished 
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1 
TE Y! to meet special con- 
H T ditions. 
i T 8" and Larger Ribs 
۱۱ ۱ ° 
لیخ‎ J T Fig. 16 
T I 
I! i! 
١ __ 0 Fig. 16-1 
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RIB DETAILS 





WALL PLATE BRACKET 


When using the "Rib 
and Post" type of sup- 
port system, it may be- 
come desirable or nec- 
essary to carry the 
roof ribs on a wall 
plate set in a hitch, 
until the bench can 
be removed and 
posts set. 













a 


This contingency j+ 4l 
is met by the use of ۱ : T 
the "Wall Plate ! ۱ 
Bracket" welded to T 1 
the ribs as shown in Hi 1 
Fig. 17. سح‎ E m کے ے‎ 


ic RE: | 


| 


TRUSS PANEL LUGS 


If the operation in- 
volves the use of 
"Truss Panels" to 
bridge the bench shots, 
lugs are welded to the 
ribs for attachment of 
the panels. See Fig. 18. 


Each application is 
the subject of a special 
design study. 





Fig. 18 
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POST DETAILS 


POST 


Posts are designed as columns with restrained ends to carry rib loads, both active and 
passive. Fibre stresses are reduced in consideration of the slenderness ratio about the major axis. 


Lateral Bracing Holes— 
Same as for ribs, see page 244. 


Wem ses ee. me. 
۱ 
1 


s. Gb e» on‏ س 


Foot—Same as for ribs, see page 245. 


Double Beam Wall Plate— 


Same as rib foot except no thrust cleat is re- 
quired. See page 246. 


Single Beam Wall Plate— 
Same as rib foot. See page 247. 
Flat Wall Plate— 
Same as rib foot, when required. See page 248. 


Rib and Post Type— 
To meet requirements of rib foot. See page 249. 


1 
1 
۱ 
1 Cap— Used with 
۱۱ 
۱ 





Fig. 19 


Blocking Plate— 


When the post is a part of the 
"Rib and Post" type of support 
system and the arch is relatively 
flat, it is sometimes desirable to 
block the top of the post. 





An angle blocking plate may be 
furnished as shown at "A," Fig. 
20, or a shelf angle as shown at 
"B" may be provided if the post 
flange is wide enough to block 
against. 


Fig. 20 
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WALL PLATE DETAILS 


DOUBLE BEAM WALL PLATE 


Wall plates of two I-beams as shown in Fig. 22 have become standard in rock tunnels. Their 
broad surfaces are ideal for blocking. Their box section resists twist. Their wide base reduces 
tendency to roll. 


Ribs and posts are clamped—no bolt holes to match up. This feature speeds erection and 
permits variation in both rib and post spacing, an important advantage in many cases where 
loads are heavier than anticipated. 





1/2 Rib Spacing —>}¢—— Rib Spacing ——>| 


Lar 


Fig. 22 
Beams— 
Usually I-beams, but can be made out of channels or combination of a channel and I-beam. 
Length— 
Furnished in any desired multiple of rib spacing. 
Diaphragms 
One under each rib location 
Thickness— 
6" and 7” beam depth—3/8" 
8" and up beam depth—1/2" 
Splices— 
Two on each web; 4 per Wall Plate 
Length— 
15" 
Thickness— 
1 / 4" 
Width and Vertical Hole Spacing 
Width "A" Hole Spacing "B" 
6” beam depth 4-1/4” 2-3/4” 
7” beam depth 5-1/4” 3-1/2” 
8” beam depth 6” 3-1/2” 
10” beam depth 7-1/2” 9" 
12" beam depth 9.1/2" z 
Bolts— 


16—3/4" x2" per Wall Plate 


Dimensions other than "Commercial" standards furnished to meet special conditions. 
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WALL PLATE DETAILS 


SINGLE BEAM WALL PLATE 
surface, greater resistance to twisting and "rolling," quicker attachment of ribs and posts, and 
is cheaper both in first cost and erected cost. 
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Fig. 3 


Any H-beam whose flange width is equal to or greater than the rib or post depth. Its 
Length— 

Furnished in amy desired multiple of rib spacing. 
Hole Spacing "C"— 

Rib flange width plus 3” 
Hole Spacing "D^" 

For 6” wall plate flange width—3-1 2" 

For 8” wall plate flange width—5" 

For 10” wall plate flange width—5'" 


Tee Stiffeners— 
One under each rib on each side. 


Flange— 
Thickness and width "E". Fig. 23, approximately equal to rib flange dimensions. 


Web— 
Thickness ۱ 4"— Height "A", Fig. 24, same as splice plate width. 





Splices and Bolts— 
Same as for “Double” beam wall plate. See page 253. 


Dimensions other than “Commercial” standards furnished to meet special conditions. 
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WALL PLATE DETAILS 


3/4" Min. 





Beam Section— 

Usually a "Wide Flange" beam which will just admit the 
rib and post. The minimum flange width and weight are usually 
used. 


Length— / 
Furnished in any desired multiple of rib spacing. / , 


, / 
Vent Holes— , / 
Spacing— / i 


About 12” centers, but some even fraction of rib spac- 
ing. If reinforcing rods are to pass through the Wall 
Plate, vent holes are located to suit. 


Splices— 
Flange splice on inside flange. Also on outside flange if 
desired. 


Thickness— 
Approximately same as flange, minimum 3/8”. 





Spacing "A'"— 
Flange width 5-1,4” — A is 2-3/4” Fig. 26 
9-3. 4" — A is 2-3/4” 
6.12" — A is 3-1/2” 
8" - Ais 5" 


Dimensions other than "Commercial" standards furnished to meet special conditions. 
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CROWN BAR and HANGER DETAILS 


CROWN BARS 


"Double Channel" Crown Bars are designed to act as cantilevers without twisting. The 
torsion plates together with the diaphragms welded between the channels constitute a box 
section, rigid against the twisting loads from hurried blocking. The width is greater than the 
depth to eliminate rolling. The bottom is dished to seat properly on curved ribs. See Fig. 27. 


۱ ۱ 
Il 





Channels— 


Any desired rolled channel, car, ship, or structural channels may be used. Any beam sec- 
tion or a combination of beam and channel may also be used. 


Length— 
Any length required. 


Torsion Plates and Diaphragms— 
Spaced approximately at 6 times the channel depth. 


Plain Crown Bars— 
Can be furnished in any desired H-beam section. 


CROWN BAR HANGERS 


If the crown bars are to be 
located under the ribs, "Commer- 
cial" can furnish hangers to con- 
۱۳۵6۱۵۲8 design or the design 
shown in Fig. 28. This hanger is 
made in two halves for quick as- 
sembly either before or after the 
crown bar is in position. Three 
pins, one inch diameter, hold the 
two sections together. 
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TRUSS PANEL DETAILS 


TRUSS PANEL 


Design— 


Each set of "Truss Panels" is designed for the circumstances attending its contemplated use. 
They may be designed to develop the full strength of the rib, although this provision is usually 
not necessary as full loads take some time to develop. Commonly, 50% of the rib capacity is 
considered sufficient. 


The span may be set at the length of the bench shot plus one rib space or preferably at 
double the length of the bench shot. This keeps the post further back from the face thus 
reducing the danger of damage. 


Z 
3 


Fig. 29 





Bolts— 


The bolts are proportioned to develop the strength required by the design both in tension 
and bearing. Heat treated, high tensile steel is used, if necessary. 


Rib Lugs— 


Proper means of attachment to the ribs is provided in the form of lugs, proportioned to 
satisfy all design requirements. 
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BRACING DETAILS 


TIE RBODS—Rib Spacing Fixed—(See Fig. 87, page 154.) 


Tension Compression 
for use with Collar Braces 
Diameter 3/4" or 5/B" 1” or 7/8" 
Length Rib spacing, plus 3” Rib spacing, plus 3" 
Thread Quick Acting, 3" on each end Quick Acting—3" one end, 6" other end 
Nuts 2—square 4—hex. 
TIE RODS—Rib Spacing Variable 


The above rods can be furnished in random mill lengths, 15’ to 25’, to be cut off and 
threaded on the job. Nuts are supplied as required. 





SPREADERS (Fig. 30.) 


Profile— 
Any small channel, l-beam, or angle. 


Length— 
Rib spacing minus web thickness, minus 1 16" for fit up "growth." 


Clip Angles— 
Size - 
2-1 2"x2-12"x3 8" 


Length — 
To suit strut section. 


Boits- - 
2- -3 4 x2” 


Dimensions other than "Commercial" standards furnished tc meet special conditions. 
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LAGGING DETAILS 


LAGGING CLAMP | ۳ 


The time saving, handy attachment for skeleton 
or tight lagging. 















Applications— 
Wood Lagging 
Channel Lagging پر ےت‎ 
Beam and Plate Lagging 
Beam Lagging ۱ 
Purlin-Plate Lagging 
Water Bar Lagging 
aan سے‎ 
7 
۱ 
1 
1 Section 
1 
I 
f 0+ 2 aly 
" E ° Lagging Clamp 
+ Applied to Channel Lagging 
| ° 
Fig. 31 
0 Lagging Clamp S 
Applied to Wood Lagging 
Assembly— 

When ordered with lagging, 
each lag is shipped with clamps 
and bolts assembled, nuts finger 
tight. 

Lagging clamps and bolts are 
also shipped separately for assem- 

1 bly in the field. 
1 
1 
| Elevation Clamp— 
۱ 3” x 5” x 3/8”. 
Weight 1-1/2 1b. 
۱ | Bolts— 
۱ 
۱ [+ 3,4" Carriage or track type. 
LEE quick acting thread, square nut. 
۳ i Length— 
à ر‎ Bottom To suit conditions. 
Lagging Clamp Dimensions other than "Com- 
Applied to Beam Lagging mercial’ standards furnished to 
Fig. 32 suit special conditions. 
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LAGGING DETAILS 


CHANNEL LAGGING 


Fig. 33 

Structural Steel— 

Any rolled channel, but most commonly 6” standard. Fig. 33. 
Pressed Steel— 

Any desired combination of thickness, width, flange depth, Fig. 34 
and flange return to give required capacity. Fig. 34. 
BEAM LAGGING 

Furnished in any desired size beam, but usually 4" or 5" 
H-beams. Fig. 35. 

Note: The above types of lagging furnished with or with- Fig. 35 


out lagging clamps, as desired. 





BEAM AND PLATE LAGGING (Fig. 36.) 


Beam— 


Any desired size, usually 3", 4", or 5" IL beams. 


Plate— 


Any desired size and thickness required to meet loading conditions and rib spacing. 


Clamps 


Lagging clamps usually furnished as they provide the ideal attachment. 
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LAGGING DETAILS 


LINER PLATES 


"Commercial" Liner Plates make the ideal tight lagging where it is desired to fill the 
overbreak with dry pack, gravel, or concrete. 


The closed corners of these plates make a skin tight enough to hold grout at low pressure 
or concrete wet enough to be placed by machine. 


Application— 





II T 
سس ها‎ 16" or 24" اہو‎ 
II ۱۱ 


الات سے سا مد راح مد اس و اس سرت 


C -L-—-—-—- DS ce ee BC ee we ee 


When used as in Fig. 37, stiffener ribs run transverse of the plate (lengthwise of the tunnel). 
Plates are curved lengthwise to fit contour of tunnel. 





Fig. 38 


When used as in Fig. 38, stiffener ribs run lengthwise of the plate (transverse of the tunnel). 
Plates are curved lengthwise to fit contour of tunnel and joints are staggered. 





Fig. 39 


When used as in Fig. 39, stiffener ribs run lengthwise of the plates and tunnel. Plates are 
arched lengthwise and curved transversely to fit contour of tunnel. 


Lateral Bracing is eliminated in the plated portion of the support system. 
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LAGGING DETAILS 
LENGTH 





Elevation of typical liner plate. 


l6" 


Cross section of typical liner plate. May be furnished with or without corrugations. 


"Pe 


| ٠+ FLANGE 
, HEIGHT 









Plate اف‎ BOLT 
Thickness Flange Height Full Quarter Half Quarter Plates With Ribs 
or سس‎ Piate Plate Plate Plate 
Gauge Side End Weight Weight Weight Weight Size Weight 
16"x36" FULL SIZE AND FRACTIONAL LINER PLATES 
7/64" (12) 2 2 23.2 17.8 12.4 7.0 1" x li" 20 
1/8" (11) 2 2 26.5 20.4 14.2 8.1 1" x 14” 20 
3/16" 2 2 39.2 30.1 20.9 11.8 i" x 2" .36 
1⁄4” 21 2 52.5 40.1 27.7 15.3 3" x 21" .59 
5/16" 23 2h 65.7 50.2 34.7 19.2 1" x 21" .59 
3/8" PCR 24 21 78.8 60.2 41.6 23.0 3" x 21" S 
5 16" x 37-11/16" FULL SIZE AND FRACTIONAL LINER PLATES ۳ 
7/64" (12) 2 2 24.2 18.6 12.9 7.2 1" x 14” 20 
1/8" (11) 2 2 27.7 21.2 14.7 8.3 1" x 11 20 
3/16" 2 2 40.9 31.3 21.7 12.1 i" x 2" -36 
1/4" 21 2 54.9 41.9 28.9 15.9 1" x 21" .59 
5/16" 23 2k 68.6 52.4 36.1 19.9 1" x 21" .59 
3/8" MX 21 21 82.3 62.8 43.3 23.8 1" x 21" 9 
۱ 24" x 48" FULL SIZE AND FRACTIONAL LINER PLATES 
7/64" (12) 2 2 43.4 33.2 23.0 12.8 1" x 1j" .20 
1/8" (11) 2 2 49.6 37.9 26.2 14.5 1" x 14” 20 
3/16" 2 2 73.6 56.2 38.8 21.4 i" x 2" .36 
1/4” 2} 2 98.7 75.2 51.7 28.2 3" x 21" .59 
5/16" 2i 2; 123.5 94.1 64.7 35.3 1" x 21" .59 
3/8" 21 21 148.0 112.7 77.4 42.1 2” x 21" .59 
Bolts Furnished per Plate 7 6 5 4 Quick Acting Thread 
Head & Nut Same Size 
Grout Holes Plain for 14” or 2" pipe 


Tapped " 1j" or 2" pipe 
Flanged and Tapped ^" M” or 2” pipe 
Quick Acting " 14” or 2" Quick Acting Connector 
Pipe Plugs for Tapped Grout Holes supplied if requested. 
Pressed Steel Closer for Quick Acting Grout Holes supplied if requested. 
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LAGGING DETAILS 


PURLIN PLATE LAGGING 





Beam— 
Any small I-beam usually 3" or 4", or channel, usually 4" or 5". 


Spacing— 
As required by load and lagging plate but not greater than 60 times the radius of gyra- 
tion about the minor axis of the rib. The purlins act as lateral bracing for the ribs. 




















Fig. 43 22 022‏ سنہ e‏ ہچ 
Lagging Plate—‏ 


Type— 
Ribbed, corrugated or flat, as desired. 


Thickness— 
To suit loading conditions. 


Width— 


To fill space between rib flanges. May be divided into two or more pieces to keep 
down size of individual plates. 


Length— 
As required, up to 10 feet. 


Attachment— 
By lagging clamps with carriage or track bolts. 
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LAGGING DETAILS 


NV ATER BAR LAGGING 


This type of "Purlin Plate" lagging is designed to shed water, diverting it down to spring 
line where it can be drained away. 


End Joint L B 
dui ida | Generous laps at the end joints 
چا‎ insure against inflow. Stiffeners are of 
1 proper depth to carry loads intended 
| 
( 





and provide ample lap on the sides. 


Caution: A coarse free draining dry 
۱ pack must be used to avoid trap- 
— ping the water. 


° w ہ‎ e ے‎ 


| aó Water-Bar Lagging 





Water Bar Lagging Plate— 


Stiffeners— 
Width and depth (not less than 2") to suit loading requirements and rib spacing. 


Thickness— 
As required. 


Length- — 
Up to 10 feet. 


End Laps - 
To give vertical rise of not less than 2". 


Attachment - 
By lagging clamps as shown. No holes extend through the lagging plate which would 


permit passage of water. 






Section. BB 
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ACCESSORIES 


QUICK ACTING GROUT CONNECTOR— 
An accessory designed to speed up grouting or gravel blowing. 


Attached to the end of the flexible hose, this connector is simply entered into the elongated 
hole in the Liner Plate and the handles given a quarter turn to lock it in position. 


Made in the 2" (pipe) size commonly used for blowing gravel and the 1-1/2" size ordinarily 
used for grouting. 


Elongated Hole 
in Liner Plate 





Retainer Collar Y 
















| 





FN 
7 


Rubber Hose 


QUICK ACTING CONNECTOR Rubber Gaskets 


Fig. 47 


QUICK ACTING GROUT HOLE CLOSERS 


Where necessary or desirable 
to close the grout holes either be- 
fore or after grouting, or gravel- 
ling, "Commercial" furnishes the 
pressed steel closer shown in 
Fig. 48. This is driven into the 
hole, and the rounded bottom hit 








wih a hammer to expand it 


against the edges of the hole. 


آ ےد 8 v‏ 


Fig. 48 
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LOCATION 


Yuma 


LOCATION 


YEAR 


1936 
1937 


YEAR 


1933 
1939 


ROCK TUNNELS 
in which 
"COMMERCIAL" STEEL SUPPORT 
was used 
EITHER WHOLLY OR IN PART 


ARIZONA 
PROJECT OWNER CONTRACTOR 
‘Gila Project Bureau of Mittry Bros. Const. Co. 


Main Canal Tunnels 


PROJEC 


Los Angeles-Colorado River 


T 


Aqueduct Tunnels 


‘Iron Mountain, 
Iron Mountain, 


Coxcomb 


*Eagle Mountain, West 


Eagle Mountain 
Mecca Pass 


Yellow Canyon 
Fargo Canyon 
Berdoo Canyon 


Pushawalla 
7 Palms 


1000 Palms No. 


* Wide Canyon 
Long Canyon 
Blind Canyon 


Little Morongo 
Big Morongo 
Whitewater 


*San Jacinto 
Bernasconi 
Valverde 


Monrovia 


*Sierra Madre 


Pasadena 


San Rafael 


Ascot 


San Gabriel Spillway 


Hollywood 


East 
West 


, East 


* Tunnels so marked are illustrated in this book. 
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Reclamation 


CALIFORNIA 


OWNER 


Metropolitan 
Water District of 
So. California 


NOTE: Steel Sup- 
port! was procured 
by the District and 
issued to the Con- 


tractors as requir- 
ed. 
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CONTRACTOR 


Winston Bros. 

Utah Const. Co. 

Winston Bros. 

L. E. Dixon & Bent Bros., Inc. 
Broderick & Gordon 
Morrison-Knudsen Co., Inc. 
Force Account 


Force Account 
Force Account 


Force Account 
Force Account 
Force Account 


Force Account 
Force Account 
Force Account 


Force Account 
Force Account 
West Const. Co. 


Force Account 

Hamilton & Gleason Co. 
Dravo Const. Co. 

West Const. Co., L. E. Dixon, 


Bent Bros., Inc., & Johnson, Inc. 


J. F. Shea Co., Inc. 


L. E. Dixon, Bent Bros., 
Inc., & Johnson, Inc. 


L. E. Dixon, Bent Bros., 
Inc., & Johnson, Inc. 


J. F. Shea Co., Inc. 


J. F. Shea Co., Inc. 


TYPE OF 
TUNNEL 


Flow 


TYPE OF 
TUNNEL 


Flow 





LOCATION 


Livermore 
Lcs Angeles 


Los Angeles 
County 


Leevining 


Los Angeles 
County 


Santa Barbara 
National 
Forest 


LOCATION 


Granby 


Granby 
Granby 


East Porta] 
Tennessee Pass 


Empire 


LOCATION 
Emmett 
Mountain Home 


Trude 


LOCATION 


Lanuley 


Suumore 


— 


CALIFORNIA 


YEAR PROJECT OWNER 
1930 Hetch-Hetchy Tunnel City of San 
Francisco 
1935 Figueroa St. Tunnels California State 
Highway Dept. 
1931 Owens River Project City of Los An- 
*Power Tunnel Repair geles, Bureau of 
Water and Power 
1934 Mono Basin Project 
1939 “Mono Craters Tunnel 
1940 Leevining and Grant Lake 
Inlet Tunnels 
1937 Angeles Forest Highway Tunnel County of Los 
Angeles, Road 
Department 
1933 Maricopa-Ventura 
Highway Tunnels 
COLORADO 
YEAR PROJECT OWNER 
1942 Colorado Big Thompson Project Bureau of 
*Granby Dam Diversion Tunnel Reclamation 
1941 * Adams Tunnel, West Portal 
1941 Adams Tunnel, West Portal 
1928 Moffat Tunnel Pioneer Bore Moffat Tunnel 
Commission 
1944 Tennessee Pass Tunnel Denver & Rio 
Grande R. R. 
1937 *Williams Fork Tunnel City and County 
1939 of Denver 
IDAHO 
YEAR PROJECT OWNER 
1936 Boise Project Bureau of 
Black Canyon Canal, Payette Reclamation 
Division, six tunnels 
1941 *Anderson Ranch Dam 
Diversion Tunnel 
1936 Island Park Project 
Island Park Dam 
Diversion Tunnel 
KANSAS 
YEAR PROJECT OWNER 
1940 Kanopolis Dam U.S. Army, Corps 
Outlet Tunnel of Engineers 
MARYLAND 
1937 Montebello Tunnel City of Baltimore 


zed are illustrated in this book. 
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CONTRACTOR 


Force Accoun’ 


L. E. Dixon Co., Bent Bros., 


Inc., & Johnson, Inc. 


Force Account 


Force Account 


A. Teichert & Scns, Inc. 


Force Account 


Angus MacDonnell 


CONTRACTOR 


Platt Rogers, Inc. 


Platt Rogers, Inc. 
Stiers Bros. Const. Co. 


Hitchcock & Tinkler 


Winston Bros. 


Broderick & Gordon 


CONTRACTOR 


J. A. Terteling & Sons 


Morrison, Shea, Twits, 
Winston 


Max J. Kuney Co. 


CONTRACTOR 


Morrison-Knudsen Co., Inc. 


J. F. Shea Co., Inc. 


TYPE OF 
TUNNEL 


Flow 


Flow 


Highway 


Highway 


TYPE OF 
TUNNEL 


Pressure 


Flow 
Flow 


Flow 


Railroad 


Flow 


TYPE OF 
TUNNEL 


Flow 


Flow 


Flow 


TYPE OF 
TUNNEL 


Flow 


Flow 


LOCATION 


Bondsville 


oouthborough 


LOCATION 


Fort Peck 


LOCATION 


Chama 


Newkirk 


LOCATION 


Valhalla 


White Plains 


Plattekill 


Beacon 


Katonah 


Mt. Kisco 


Mahora-z 


Eilenville 


Liberty 


New York City 


YEAR 


193] 


1939 


YEAR 


1936 


1937 


YEAR 


1933 


1938 


YEAR 


1937 
1941 


1930 
1333 


MASSACHUSETTS 


PROJECT 


Swift River Reservoir 
Outlet Tunnel 


Southborough Tunnel 


OWNER 


Metropolitan 
District Water 
Supply Com. 


MONTANA 


PROJECT 
Fort Peck Dam 
Diversion Tunnels 


Tongue River Dam 
Diversion Tunnel 


OWNER 


U.S. Army, Corps 


of Engineers 


Montana State 


Water Conser- 


vation Board 


NEW MEXICO 


PROJECT 


E] Vado Dam 


Diversion Tunnel 


Conchas Dam 
Outlet Tunnel 


NEW 


PROJECT 


Delaware Aqueduct Tunnels 


Contract 306 
*Kensico By-Pass 
Kensico-Hill View 


Contract 307 
*Kensico-Hil View 
* West Branch-Kensico 


Contract 316 
* Rondout- West Branch 


Contract 318 
Rondout. West Branch 


Contract 323 
West Branch-Kensico 


Contract 324 
*Kensico-Wes! Branch 


Contract 334 
Rondout-West Branch 
West Branch-Kensico 


Contract 339 


Lackawack Dam, Diversion 


Contract 360 
Neversink Dam, Diversion 


‘City Water Tunnel No. 2 


° Tunnels so marked are illustrated in this book. 
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OWNER 


Middle Rio 


Grande Conscer- 


vancy District 


U. S. Army, Corps 


of Engineers 


YORK 


OWNER 


Board of Water 


Supply, New 
York City 
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CONTRACTOR 


Northern Stutes Contracting 
Co. 


West Const. Co. 


CONTRACTOR 


Silas Mason, Inc. & Walsh 
Const. Co., Force Account 


Jerome C. Boespflug 


CONTRACTOR 


Force Account 


McCarthy Improvement 
Company 


CONTRACTOR 


Associated Contractors, Inc. 


S. A. Healy Co. 


Walsh Const. Co. 


Pleasantville Constructors, 
Inc. 


Seaboard Const. Corporation 


S. A. Healy Co. 
Frazier-Davis Const. Co. 
Subcontractor 


W. E. Callahan Const. Co. 
and J. P. Shirely 


B. Perrini & Sons, Inc. 


Geo. M. Brewster & Sons Co. 


Patrick McGovern, Inc. 


TYPE OF 
TUNNEL 


Pressure 


Pressure 


TYPE OF 
TUNNEL 


Pressure 


Flow 


TYPE OF 
TUNNEL 


Flow 


Pressure 


TYPE OF 
TUNNEL 


Pressure 


Pressure 





NEW YORK 


LOCATION YEAR PROJECT OWNER 
New York Ory 235 Lincoln Tunnel Port of New York 
1927 Authority 
New Jersey Land Section 
New York Land Section 
New Yorn ty 1941 Brookiyn-Battery Tunnel New York City 
i946 Tunnel Authority 
Now York City 1938 * Ward's Island Intercepter New York City 
Department of 
Public Works 
OREGON 
LOCATION YEAR PROJECT OWNER 
Tule Lake 1940 Klamath Project Bureau of 
194] Tule Lake Dam Reclamation 
Diversion Tunnel 
PENNSYLVANIA 
LOCATION YEAR PROJECT OWNER 
1939 Pennsylvania Turnpike Tunnels Pennsylvania 
Near 1940 Turnpike 
Commission 
4Cezewood *Sideling Hill 
Carlisle * Blue Mountain and Kittatinny 
Bedford Allegheny 
ار‎ Laurel Hill 
Brcezewood Ray's Hill 
Fort Littleton Tuscarora 
Kittanning 1938 ‘Crooked Creek Dam U.S. Army, Corps 
Diversion Tunnel of Engineers 
Tionesta 1938 Tionesta Dam 
Diversion Tunnel 
TENNESSEE 
LOCATION YEAR PROJECT OWNER 
Ltowah 1941 Apalachia Tunnel Tennessee Valiey 
Authority 
° Tunnels so marked are illustrated m this bock. 
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TYPE OF 


CONTRACTOR TUNNEL 


Highway 


Underpinning & Foundation 


Cornell Contracting Company 


Mason & Hanger Co., Inc. Highway 
Arthur A. Johnson Corp. Sewer 
and Necaro Co., Inc. 
TYPE OF 
CONTRACTOR TUNNEL 
J. A. Terteling & Sons Flow 
TYPE OF 
CONTRACTOR TUNNEL 
Highway 
Arundel Corp. 
Bates and Rogers Const. Co. 
Guthrie, Marsch, Peterson Co. 
Hunkin-Conkey Const. Co. 
Mason & Hanger Co. 
B. Perini & Sons, Inc. 
Geo. M. Brewster & Sons, Inc. Flow 
S. J. Groves & Sons Co. & Flow 
Lundin Bros., General 
Contractors; 
Murphy & Richman Contrac- 
tors, Inc., Subcontractor 
TYPE OF 
CONTRACTOR TUNNEL 
Force Account Flow 


LOCATION 
Bingham 
Canyon 
Draper 


Draper 


Keely 
Hyrum 


Spring City 


LOCATION 


Fort Springs 


LOCATION 


Yakima 


LOCATION 


Gauley Bridge 


Grafton 


White Sulphur 
Springs 


LOCATION 


Alcova 


Cody 


LOCATION 


YEAR 
1937 


1940 


1940 


1940 
1934 


1938 


YEAR 


1946 


YEAR 


1936 


1939 


YEAR 


1930 


1936 


1930 


YEAR 


1936 


1936 


YEAR 


1941 


PROJECT 


*Highway Tunnel 


Provo River Project 
Utah-Salt Lake Aqueduct 


UTAH 


OWNER 


Utah Copper Co. 


Bureau of 
Reclamation 


*Olmstead and Alpine-Draper 


Tunnels 


Duschesne Tunnel 


Hyrum Dam 


Diversion Tunnel 


San Pete Project 
Spring City Tunnel 


PROJECT 


Fort Springs Tunnel 


VIRGINIA 


OWNER 


Chesapeake and 


Ohio R. R. 
WASHINGTON 
PROJECT OWNER 
Yakima Project 
Yakima Ridge Canal 
Roza Division 
*Tunnels Nos. 1, 2, 3 Bureau of 


Reclamation 


*Tunnels Nos. 5, sf 8 


PROJECT 


Power Project 


Tygart Dam R. R. Relocation— 


*Lane Tunnel 


WEST VIRGINIA 


OWNER 
New Kanahwa 
Power Co. 


U. S. Army, Corps 
of Engineers 


*Knight's Tunnel 


Tunnel Enlargement 


PROJECT 


*Kendrick Project 
Casper Canal Tunnels 


Chesapeake and 
Ohio R. R. Co. 


WYOMING 


OWNER 


Bureau of 
Reclamation 


Shoshone Project 
Shoshone Canyon Conduit 


Tunnels 


PROJECT 


HAW AII 


OWNER 


U. S. Navy 


* Tunnels so marked are illustrated in this book. 
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CONTRACTOR 


Utah Const. Co. 


Thompson-Markham Co. 


Utah Const. Co. 


J. A. Terteling & Sons 


Dan Teters & Co., Inc. 


CONTRACTOR 


Haley Chisholm and 


Morris Co. 


CONTRACTOR 


Morrison-Knudsen Co. 


J. A. Terteling & Sons 


CONTRACTOR 


Reinhart & Dennis Co. 


Guthrie, Marsch, Walker Co. 


Walton Const. Co. 


CONTRACTOR 


W. E. Callahan Const. Co. 
and Gunther 6 Shirley 


Utah Const. Co. 


CONTRACTOR 


Hawaiian Pacific Naval Air 
Base Contractors 


TYPE OF 
TUNNEL 


Highway 


Flow 


Flow 


Flow 


Flow 


TYPE OF 
TUNNEL 


Railroad 


TYPE OF 
TUNNEL 


Flow 


TYPE OF 
TUNNEL 


Flow 


Railroad 


Railroad 


TYPE OF 
TUNNEL 


Flow 


Flow 


TYPE OF 
TUNNEL 
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